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Abstract 
The rapid growth of nanotechnology has brought in advanced technologies. One 
demonstrative case is nanoadsorbents which are defined as nanostructured materials with 
a high affinity to adsorb substances. Owing to their exclusive features such as adjustable 
structural properties, tunable surface chemistry, and short diffusion distance, 
nanoadsorbents have shown great promise in catalysis and water treatment to host various 
species. However, the effectiveness of typical nanoadsorbents is generally restricted by the 
inadequate textural properties or functionalities. Therefore, it is essential to develop highly 
effective nanostructured adsorbents to host various substances. 
   Polycyclic aromatic hydrocarbons (PAHs) are an important family of organic pollutants 
composed of fused benzene rings. They have been categorized as priority pollutants due 
to their toxic, mutagenic, and carcinogenic properties. Adsorption has recently found to be 
a promising technology to remove PAHs in a cost-effective and green manner. Nonetheless, 
the performance of proposed adsorbents is typically poor because of the inadequate textural 
and functional properties. Therefore, developing novel adsorbents with tailored features for 
superior removal of PAHs is crucial. 
   Lipase has found key industrial applications as shows astonishing catalytic performance 
in a green manner.  However, the effectiveness of free lipase is significantly reduced by its 
limited activity and low stability. Immobilization of lipase on nanomaterials is a promising 
approach to improve lipase catalytic performance. Nonetheless, lipase shows a severe 
decrease in catalytic activity after immobilization. Thus, developing an effective approach to 
improve the catalytic performance of lipase remains an ongoing challenge.  
   This project emphases on the synthesis of innovative mesoporous materials with rationally 
designed textural properties and functionality as high-performance adsorbents. The 
advanced nanoadsorbents have shown excellent performances to host various species with 
significantly improved adsorption performance. The main achievements in this thesis are 
listed below.  
   In the first part of this thesis, organic-based nanomaterials were developed for adsorption 
of PAHs. First, rattle-type magnetic mesoporous hollow carbon (RMMHC) were synthesized 
through a surfactant-free synthesis approach. It was demonstrated that the textural 
properties of RMMHC nanoparticles can be adjusted by changing the carbonization 
temperature. The adsorption capacity of the optimized sample towards di (2-ethylhexyl) 
phthalate reaches as high as 783.1 mg g-1 while retaining 89% of its initial adsorption 
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capacity after five cycles. In the next part, novel superhydrophobic dendritic mesoporous 
organosilica nanoparticles (SHDMONs) with an exceptional content of organic moieties and 
an outstanding mesopore volume were successfully developed for adsorption of pyrene. 
The optimized SHDMONs display quick adsorption rate (30 min) and an extremely high 
pyrene adsorption capacity (757.5 mg g-1) which is substantially better than previous studies. 
Finally, dendritic mesoporous carbon nanoparticles (DMCNs) with open mesopore channels 
(18.4 nm) and an exceptional mesopore volume (1.484 cm3 g-1) were fabricated through 
subjecting SHDMONs to carbonization and selective removal of silica. Resultant DMCNs 
show an extremely high adsorption capacity towards anthracene (751.6 mg g-1), significantly 
higher than those reported in the literature. Collectively, it is revealed that both high 
hydrophobic content and large mesopore volume are responsible for the superior PAHs 
removal.  
   Textural properties and composition of silica-based nanocarriers are two fundamental 
issues for superior lipase immobilization. In the second part of this project, silica 
nanoparticles with a high content C18 moieties and a wide range of textural properties were 
developed. The impacts of pore size, particle size, and surface chemistry of materials on 
their performance as nanocarriers to host lipase molecules have been investigated. The 
advantages of designed porous materials are credited to small particle size, a tailor-made 
pore size, and more importantly the increased hydrophobic content. An exceptional activity 
(5.23 times higher than that of the free lipase) and an excellent cyclability is achieved which 
is the top performance described so far. On the basis of obtained knowledge, benzene-
bridged dendritic mesoporous organosilica nanoparticles (BDMONs) with highly enriched 
benzene groups in the pore channel wall were fabricated by a delayed addition method to 
host lipase molecules. This platform exhibited a specific activity 6.5 times higher than that 
of the free lipase with an enhanced stability. In addition to textural and compositional 
properties of desired nanocarriers to accommodate lipase, an ideal carrier should be also 
cost-effective. In this regard, low-cost functionalized mesoporous silica materials were 
fabricated through spray-drying technology to accommodate lipase molecules. The 
optimized biocatalysis system displays high lipase loading (100 mg g-1), enhanced 
enzymatic activity (1.14 times than that of free enzyme), and excellent stability performance. 
When applied for continuous production of biodiesel, the developed integrated immobilized 
lipase-reactor system shows a significant potential with an unprecedented conversion rate 
(99%) and outstanding stability (retaining 64% of initial conversion after 24 h). 
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   In summary, innovative nanoadsorbents have been successfully advanced through 
tailoring parameters such as synthesis strategy, size, morphology, and composition of 
materials. The developed nanomaterials have shown great potential to host different 
species, which is important for the industrial biocatalysis and water treatment.   
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Figure 2.14 Depiction of transesterification reaction. 
Figure 2.15 Schematic picture of a spray drier machine. 
Figure 4.1 Schematic illustration of the preparation of RMMHC.  
Figure 4.2 SEM (a, d, g and j) and TEM (b-l) images of magnetite (a-c), RMMHC-500 (d 
and e), re-calcined RMMHC-500 (f), RMMHC-700 (g and h), re-calcined RMMHC-700 (i), 
RMMHC-900 (j and k), and re-calcined RMMHC-900 (l). 
Figure 4.3 (a) XRD patterns of magnetite, RMMHC-500, RMMHC-700, and RMMHC-900 
and (b) Raman spectra of RMMHC-500, RMMHC-700, and RMMHC-900. 
Figure 4.4 TGA curves of RMMHC-500, RMMHC-700 and RMMHC-900. 
 
XIX 
 
Figure 4.5 N2 sorption isotherms and pore size distribution curves of RMMHC-500, 
RMMHC-700 and RMMHC-900. 
Figure 4.6 Room temperature magnetization curves of RMMHC-500, RMMHC-700 and 
RMMHC-900. Insets: RMMHC-700 suspended in water (left) and separated from the 
solution under an external magnetic field (right). 
Figure 4.7 (a) Adsorption isotherms, (b) Langmuir fitting and (c) Freundlich fitting for DEHP 
adsorption on RMMHC. The solid lines represent Langmuir fit in (b) and Freundlich fit in (c) 
but in (a) they are solid lines through the data points. 
Figure 4.8 (a) The kinetic adsorption profiles, (b) pseudo-first order adsorption kinetics plot 
and (c) pseudo-second order adsorption kinetics plot. The solid lines represent pseudo-first 
order adsorption fit in (b) and pseudo-second order adsorption fit in (c) but in (a) they are 
solid lines through the data points. 
Figure 4.9 (a) Reusability of RMMHC, (b) Effect of solution pH and (c) Effect of ionic strength. 
For b and c, 2 mg of adsorbent was dispersed in 20 mL of aqueous solution with the initial 
DEHP concentrations of 0.1 mg mL-1 for 24 h.  
Figure 4.S1 High-magnification TEM images of (a) RMMHCs-500 (b) RMMHCs-700 and 
(c) RMMHCs-900. 
Figure 4.S2 XPS spectrum of RMMHC. 
Figure 4.S3 Room temperature magnetization curve of magnetite. 
Figure 4.S4 (a) SEM, (b, c) TEM images of RMMHC-TEOS. 
Figure 4.S5 Schematic illustration of the preparation of RMMHC-TEOS. 
Figure 4.S6 (a) N2 sorption isotherm and (b) pore size distribution curve of RMMHC-TEOS. 
Figure 5.1 Schematic illustration of the two-step delayed co-condensation synthesis 
approach to synthesize SHDMONs. (A) Surfactants and catalyst; (B) Primarily DMONs; (C) 
SHDMONs; (D) SHDMONs after surfactant removal and schematic gradient distribution of 
–C18 groups in SHDMONs. 
Figure 5.2 SEM (a, c, and e) and TEM (b, d, and f) images of SHDMONs-0.125 (a and b), 
SHDMONs-0.25 (c and d), and SHDMONs-0.33 (e and f). 
Figure 5.3 (a) N2 sorption isotherms and (b) pore size distribution curves of SHDMONs-
0.125, 0.25, and 0.33. 
Figure 5.4 TGA curves of samples. 
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Figure 5.5 (a) 29Si and (b) 13C CP-MAS NMR spectra of samples. 
Figure 5.6 images of water drops in contact with pressed pellets of (a) SHDMONs-0.125, 
(b) SHDMONs-0.25, and (c) SHDMONs-0.33. 
Figure 5.7 (a) Adsorption isotherms, (b) Langmuir fitting, (c) the kinetic adsorption profiles, 
and (d) pseudo-second order adsorption kinetics plot for pyrene adsorption on SHDMSNs. 
The solid lines represent Langmuir fit in (b) and pseudo-second order adsorption fit in (d) 
but in (a and c) they are solid lines through the data points. 
Figure 5.S1 Digital images of pyrene dispersed in (a) water, (b) water/ethanol (9 v/v), (c) 
water/ethanol (5 v/v), and (d) water/ethanol (2 v/v). The concentration of pyrene was 
adjusted to be 20 mg L-1. 
Figure 5.S2 Standard curve for pyrene solution in water/ethanol system with different 
concentrations.  
Figure 5.S3 TEM images of SHDMONs-0.5.  
Figure 5.S4 TEM images of the samples obtained at the reaction time of (a) 15 min, (b) 60 
min, (c) 90 min, and (d) 6 h under the conditions for synthesis of SHDMONs-0.125. Scale 
bar is 200 nm. 
Figure 5.S5 (a) TEM image, (b) N2 sorption isotherm, (c) pore size distribution curve, and 
(d) image of water drop in contact with pressed pellets of DMONs-0.125.  
Figure 5.S6 Reusability performance of SHDMONs-0.125. 
Figure 5.S7 TEM image of SHDMONs-0.125 after 5 cycle’s pyrene adsorption. 
Figure 5.S8 The kinetic adsorption profiles for pyrene adsorption on DMONs-0.125. 
Figure 5.S9 (a) SEM image, (b) TEM image, (c) N2 sorption isotherm, and (d) pore size 
distribution curve of DMSNs. (e) Image of water drop in contact with pressed pellets of 
DMSNs and (f) the kinetic adsorption profiles for pyrene adsorption on DMSNs. 
Figure 5.S10 (a) TEM image, (b) N2 sorption isotherm, (c) pore size distribution curve, and 
(d) image of water drop in contact with pressed pellets of DMONs-0.05.  
Figure 5.S11 The kinetic adsorption profiles for pyrene adsorption on DMONs-0.05. 
Figure 6.1 Schematic illustration of the fabrication of the dendritic mesoporous carbon 
nanoparticles. (A) Surfactants and catalyst; (B) Primary dendritic mesoporous organosilica 
nanoparticles; (C) DMSCNs; (D) DMCNs. (E) Illustration of pore walls composition of various 
adsorbents and subsequent anthracene adsorption. 
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Figure 6.2 SEM (a-b), TEM (c-d), and high-resolution TEM images of DMSCNs (a, c, and 
e) and DMCNs (b, d, and f). 
Figure 6.3 (a) N2 sorption isotherms and (b) pore size distribution curves of DMSCNs and 
DMCNs.  
Figure 6.4 TGA curves of samples.  
Figure 6.5 (a) Adsorption isotherms, (b) Langmuir fitting, (c) the kinetic adsorption profiles, 
and (d) pseudo-second order adsorption kinetics plot for anthracene adsorption on particles. 
The solid lines represent Langmuir fit in (b) and pseudo-second order adsorption fit in (d) 
but in (a and c) they are solid lines through the data points. 
Figure 6.6 Effect of (a) solution pH and (b) ionic strength on anthracene adsorption on 
DMCNs. (c) Reusability performance of DMCNs. 
Figure 6.S1 (a) Low and (b) high magnification TEM images of DMSNs. 
Figure 6.S2 (a) N2 sorption isotherm and (b) pore size distribution curve of DMSNs. 
Figure 6.S3 The kinetic adsorption profile for anthracene adsorption on DMSNs. 
Scheme 7.1 Schematic illustration of the lid opening of lipase. For native lipase (a), the 
active site is partially covered by the lid. The immobilized lipase on pure MSN with a 
hydrophilic nanoenvironment (b) has slightly reduced lid opening. MSN with C18 
modification (c and d) create a hydrophobic interface, causing larger opening of immobilized 
lipase compared to native lipase and lipase loaded in pure MSN. Increasing hydrophobic 
content leads to even enlarged opening, more accessible active site, and eventually 
improved enzymatic activity to convert substrate to product. Objects are drawn not to scale. 
Figure 7.2 (a) SEM and (b) TEM images of C18-MSN-0.5. (c) N2 sorption isotherms and (d) 
pore size distribution curves of C18-MSN. 
Figure 7.3 (a) Adsorption kinetics, (b) activity kinetic, (c) reusability and (d) leaching assays 
of immobilized lipases on C18-MSN. 
Figure 7.4 FTIR spectra of C18-MSN-0.5, pure lipase, and lipase-bound C18-MSN-0.5. 
Lipase from Candida rugosa was immobilized on C18-MSN-0.5 via physical adsorption.  
Figure 7.5 TEM images of (a) MSN-0.5-Cal and (b) MSN-0.5-C18-G. (c) N2 sorption 
isotherms and (d) pore size distribution curves of C18-MSN-0.5, MSN-0.5-Cal, and MSN-
0.5-C18-G. 
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Figure 7.6 (a) 29Si HPDEC and (b) 13C CPMAS NMR spectra of as-synthesized MSN-0.5, 
C18-MSN-0.5, MSN-0.5-Cal and MSN-0.5-C18-G. Images of water drops in contact with 
pressed pellets of (c) C18-MSN-0.5, (d) MSN-0.5-Cal, and (e) MSN-0.5-C18-G. The 
information of C1 to CN can be found in Figure 4.S4 and Table 4.S2, ESM.    
Figure 7.7 (a) Adsorption kinetics, (b) activity kinetic and (c) reusability assays of 
immobilized lipases on C18-MSN-0.5, MSN-0.5-Cal, and MSN-0.5-C18-G. 
Figure 7.S1 SEM (a-e) and TEM (f-k) images of C18-MSN-0 (a and f), C18-MSN-0.4 (b and 
g), C18-MSN-0.6 (c and i), C18-MSN-0.7 (d and j), and C18-MSN-0.9 (e and k). 
Figure 7.S2 An ET slice of C18-MSN-0.5 (scale bar is 20 nm). The mesopores with smaller 
size of ~ 2 nm are marked in red and the relatively larger mesopores of ~ 5 nm are 
represented in yellow. 
Figure 7.S3 Pore size distribution curves of C18-MSN after lipase immobilization.  
Figure 7.S4 Band assignments for 13C CPMAS NMR of (a) as-synthesized C18-MSN-0.5 
and C18-MSN-0.5 and (b) MSN-0.5-C18-G. 
Scheme 8.1 Schematic illustration of the proposed mechanism of the delayed addition 
method for synthesis of BDMONs and subsequent lipase immobilization on BDMONs. (A) 
Surfactants and catalyst; (B) Primary dendritic mesoporous silica nanoparticles; (C) 
BDMONs with benzene groups enriched dendritic pore channels; (D) Aggregated BDMONs 
obtained by the conventional approach with same time addition of BTEB and TEOS into the 
reaction solution. (E) BDMONs after surfactant removal and post-modification of TMSA; (F) 
BDMONs with covalently bond lipase. 
Figure 8.2 SEM (a-h) and TEM (i-l) images of BDMONs-15-0.5 (a, e, and i), BDMONs-15-
0.67 (b, f, and j), BDMONs-15-1 (c, g, and k), and BDMONs-0-0.5 (d, h, and l). Scale bar 
is100 nm. 
Figure 8.3 (a) N2 sorption isotherms and (b) pore size distribution curves of BDMONs-15-
0.5, BDMONs-15-0.67, BDMONs-15-1, and BDMONs-0-0.5.      
Figure 8.4 (a) Dark-field STEM image, (b-d) corresponding EDS mapping of Si, O and C 
elements in the framework of BDMONs-15-1; (e) 13C CPMAS and (f) 29Si HPDEC NMR 
spectra of BDMONs-15-1. 
Figure 8.5 (a) Activity performance of free and immobilized lipases. The relative activity was 
defined as the ratio of the activity of immobilized lipase to the activity of free enzyme. (b) 
Reusability performance of immobilized lipases. The relative activity was defined as the ratio 
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of the residual activity to the initial activity. (c) Thermal and (d) pH stability performance of 
free and immobilized lipases. For thermal stability, the relative activity is defined as the ratio 
of the residual activity to the initial value measured at 30 °C (the initial activity is defined as 
100%). For pH stability, the relative activity is defined as the ratio of the residual activity to 
the initial value measured at pH 8 (the initial activity is defined as 100%). 
Figure 8.6 Reusability performance of lipase immobilized on BDMONs-15-1 for biodiesel 
production. 
Figure 8.S1 TEM image of the BDMONs-15-1.5. 
Figure 8.S2 TEM images of (a) BDMONs-5-0.5 and (b) BDMONs-30-0.5. 
Figure 8.S3 TEM images of the samples obtained at the reaction time of 15 min (a1, a2), 
30 min (b1, b2), 60 min (c1, c2), 3 h (d1, d2), 6 h (e1, e2), and 18 h (f1, f2) under the 
conditions for synthesis of BDMONs-0-0.5 (a1-f1) and BDMONs-15-0.5 (a2-f2). Scale bar is 
200 nm. 
Figure 8.S4 FTIR spectra of Aldehyde-BDMONs-15-1, pure lipase, and Lipase-Aldehyde-
BDMONs-15-1. 
Figure 8.S5 Selected absorbance at 410 nm as a function of time for free lipase and 
BDMONs-15-1. 
Figure 8.S6 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
DMSNs. 
Figure 8.S7 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
BONs-SP. 
Figure 8.S8 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
EDMONs-15-1. 
Figure 8.S9 Effect of organic solvents on the stability of immobilized lipase on BDMONs-1.  
Figure 9.1 Schematic illustrations of the synthesis and hydrophobic modification of MSMs 
as lipase supports (A), and the continuous biodiesel reactor (B). 
Figure 9.2 SEM and TEM images of MSMs (A-D), C1-MSMs (E and F), C8-MSMs (G and 
H), and C18-MSMs (I and J). 
Figure 9.3 Nitrogen sorption isotherms (A) and the corresponding pore size distribution 
curves (B) of MSMs materials. 
XXIV 
 
Figure 9.4 Images of water drops in contact with pressed pellets of MSMs (A), C1-MSMs 
(B), C8-MSMs (C) and C18-MSMs (D). 
Figure 9.5 The absorbance of pNPP hydrolysis product at 399 nm as the function of time 
for free and immobilized lipases (A), the corresponding relative activities (B). The 
absorbance of pNPP hydrolysis product at 399 nm as the function of time for the free lipase 
and lipase/C18-MSMs with different loading amounts (C), the corresponding relative 
activities (D). 
Figure 9.6 Conversion capability retention of lipase/C18-MSMs in the continuous biodiesel 
production reactor for 24 hours. 
Figure 9.S1 TEM image of LUDOX® AS-40 colloidal silica. 
Figure 9.S2 FT-IR spectra of C8-MSMs, pure lipase, and lipase-bound C8-MSMs. Lipase 
from Candida rugosa was immobilized on C8-MSMs via physical adsorption. 
Figure 9.S3 Pore size distribution curves of C18-MSMs loaded with 0.1 (black) and 0.3 (red) 
mg mg-1 lipase. 
Figure 9.S4 Photo illustrating continuous process for biodiesel production in an integrated 
continuous stirred tank reactor with three packed bed reactors (CSTR-PBRs) connected in 
series. 
Figure 9.S5 Bradford standard curve. 
Table 4.1 Textural properties and adsorption performances of RMMHC. 
Table 4.S1 Properties of RMMHC. 
Table 4.S2 Langmuir and Freundlich adsorption isotherm parameters of RMMHC. 
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Table 6.1 Textural properties, chemical composition and detailed adsorption results for 
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1.1 Significance of the project 
The success of adsorption process in various applications relies on the use of high-
performance adsorbents. Nanoadsorbents which are defined as nanostructured materials 
with a high affinity to adsorb substances have recently opened new venues in adsorption-
based applications.1 However, in some cases such as removal of polycyclic aromatic 
hydrocarbons (PAHs) from contaminated water and also lipase immobilization, adsorbent 
typically show poor performance due to the imperfect textural properties and lack of proper 
functionality.2, 3 To tackle this matter, this project emphases on the rational design of novel 
mesoporous materials with tailored textural properties and chemical composition to improve 
the adsorption of PAHs and also the catalytic properties of lipase. Our innovative materials 
are expected to provide brand new adsorbents for different applications. 
 
1.2 Research objective and scope 
The general aim of this project is to use state-of-the-art nanotechnology to develop novel 
mesoporous material as high-performance adsorbents. The structure and functionality of 
developed adsorbents will be optimized to improve their adsorption performances. The aims 
of this project are identified as follows: 
1) Advancing mesoporous nanoadsorbents for superior removal of PAHs from contaminated 
water which contains three subdivisions: (a) Developing rattle-type magnetic mesoporous 
hollow carbon materials for di (2-ethylhexyl) phthalate adsorption. (b) To synthesis 
superhydrophobic dendritic mesoporous organosilica nanoparticles for pyrene 
decontamination from the water. (c) To fabricate dendritic mesoporous carbon nanoparticles 
to efficiently remove anthracene from wastewater.  
2) To develop designed nanocarriers for superior adsorption of lipase molecules which 
involves three sections: (a) To fabricate mesoporous silica nanomaterials with optimized 
structure and desired functionality to significantly improve the activity of immobilized lipase. 
(b) To prepare tailored dendritic mesoporous organosilica nanoparticles to further promote 
the performance of immobilized lipase. (c) To extend spray drying technology to prepare 
scalable low-priced nanocarriers for immobilization of lipase. 
 
1.3 Thesis outline 
This thesis is written consistent with the guidelines of the University of Queensland. Two 
chapters of this Ph.D. thesis are published as journal articles. The chapters in this thesis are 
presented in the following order: 
Chapter 1 Introduction 
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Chapter 1 Introduction  
This chapter presents the background of this project and summaries the research aims. 
Chapter 2 Literature review 
This chapter summarises the role of adsorption process in various fields and the recent 
applications of nanomaterials in lipase immobilization and PAHs adsorption.  
Chapter 3 Methodology 
This chapter lists the approaches used in the whole Ph.D. project, including material 
synthetic methods for various mesoporous particles, surface functionalization, 
characterization techniques, adsorption experiments and enzyme assays. 
Chapter 4 Rattle-type magnetic mesoporous hollow carbon as a high-performance 
and reusable adsorbent for water treatment 
In this chapter, we report the successful synthesis of RMMHC nanoparticles through a 
surfactant-free approach followed by carbonization and selective silica etching. The textural 
properties of RMMHC nanoparticles can be tuned by varying the carbonization temperature 
(500, 700 and 900 °C). At the optimized temperature of 700 °C, the RMMHC NPs possess 
the highest specific surface area of 579 m2 g-1, the largest pore volume of 0.795 cm3 g-1, 
and the largest pore size of 7.6 nm among all three samples. The adsorption capacity of 
optimized RMMHC nanoparticles towards di (2-ethylhexyl) phthalate reaches as high as 
783.1 mg g-1. Taking advantage of the magnetic property, the adsorbents retain more than 
87% of their initial adsorption capacity over five times' reuse.This work has been published 
by Chemosphere, 2017, 166, 109-117. 
Chapter 5 Superhydrophobic Dendritic Mesoporous Organosilica Nanoparticles with 
Ultrahigh-content and Gradient Organic Moieties 
This chapter reports the successful preparation of superhydrophobic dendritic mesoporous 
organosilica nanoparticles (SHDMONs) with exceptionally high contents of octadecyl end 
groups (27.2-41.2 wt% of carbon) and gradient distribution, leading to superior pyrene 
removal performance. The optimized sample displays a high pyrene adsorption capacity 
(757.5 mg g-1) and a quick adsorption rate (30 min), and retains 91% of its original adsorption 
capacity after five times’ reuse, providing a promising candidate for environmental 
remediation. 
Chapter 6 Dendritic Mesoporous Carbon Nanoparticles for Ultra-high and Fast 
Adsorption of Anthracene 
Chapter 1 Introduction 
 
4 
 
In this chapter, we report the successful fabrication of dendritic mesoporous carbon 
nanoparticles (DMCNs) as advantageous anthracene adsorbent through the incorporation 
of a high density of octadecyl alkyl chains on the pore walls of the silica nanoparticles 
followed by carbonization and selective removal of silica. The DMCNs show center-radial 
oriented open mesopore channels with the size of 18.4 nm and an exceptional mesopore 
volume of 1.484 cm3 g-1. The resultant DMCNs show an extremely high adsorption capacity 
towards anthracene (751.6 mg g-1), which is significantly higher than that in previous reports. 
It was revealed that both the hydrophobic property and highly accessible large surface area 
are responsible for the superior adsorption performance of DMCNs. The developed 
materials present a great promise for organic pollutant remediation.  
Chapter 7 Tailoring mesoporous silica nanoparticles for robust immobilization of 
lipase and biocatalysis 
This chapter reports the rational design of an ideal carrier for lipase immobilization through 
a systematic study to understand the impact of pore size and surface chemistry of 
mesoporous silica nanoparticles on the properties of the immobilized lipase. It is 
demonstrated that both an optimized pore size and a highly hydrophobic pore surface of 
mesoporous silica nanoparticles are important to achieve fast adsorption, high loading, 
super activity, and improved cycling stability. The new knowledge generated from this study 
is expected to be useful in the design of tailored host materials for advanced biocatalysis. 
This work has been published in Nano Research, 2017, 10, 605-617. 
Chapter 8 Designed synthesis of organosilica nanoparticles for enzymatic biodiesel 
production 
In this chapter, we report the successful fabrication of benzene-bridged dendritic 
mesoporous organosilica nanoparticles (BDMONs) with highly enriched benzene groups in 
the pore channel wall by a delayed addition method. The developed BDMONs were explored 
as nano-carriers for lipase immobilization. This platform exhibited a specific activity 6.5 times 
higher than that of the free enzyme with an excellent reusability, enhanced thermal and pH 
stability. It is demonstrated that both the hydrophobic benzene groups and dendritic large-
pores are responsible for the superior performance of immobilized lipase by comparing with 
dendritic mesoporous silica nanoparticles, ethane-bridged dendritic mesoporous 
organosilica nanoparticles, and benzene-bridged MONs without large-pores. In particular, 
the designed nanobiocatalyst functions better than free enzyme in the transesterification of 
corn oil to produce biodiesel; showing 93% conversion in the first cycle while retaining 94% 
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of the initial catalytic ability after 5 cycles. This work has been published in Materials 
Chemistry Frontiers, 2018, 2, 1334-1342. 
Chapter 9 Engineering mesoporous silica microspheres as hyper-activation supports 
for continuous enzymatic biodiesel production  
This chapter reports the preparation of functionalized mesoporous silica microspheres 
(MSMs) as hyper-activation lipase supports for the continuous enzymatic biodiesel 
production. The functionalized alkyl chain length and lipase loading amount of MSMs have 
been optimized to deliver a high hyper enzymatic activity (1.14 times of free lipase). When 
applied as the catalyst in a prototype transesterification reactor, an unprecedented initial 
conversion rate (99%) and outstanding stability (64% of initial conversion after 24 h) have 
been demonstrated, superior to other lipase catalysts used in biodiesel production reactors. 
The new catalyst and the material engineering strategy developed here shed new light on 
designing enzyme supports for biocatalytic applications. 
Chapter 10 Conclusions and outlook 
This chapter presents the conclusions of the work in this thesis and outlook for the future 
work. 
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Chapter 2  
       Literature review 
 
 
 
 
 
 
 
 
 
This chapter reviews the recent literature on the adsorption process and its applications in 
water treatment and enzyme immobilization. Section 2.1 introduces the adsorption process 
and its diverse applications. Section 2.2 focuses on nanotechnology and rise of 
nanoadsorbents. Section 2.3 discusses the applications of nanoadsorbents in water 
treatment. This section also summarizes various water pollutants. Section 2.4 introduces 
polycyclic aromatic hydrocarbons (PAHs) and the key role of adsorbents to remove them 
from the water. Section 2.5 focuses on lipase and opportunities and challenges facing its 
application in industry. Section 2.6 discusses the enzyme immobilization technology and 
diverse immobilization methods. This section also describes the emergence of 
nanomaterials as highly potential platforms enzyme immobilization. Section 2.7 discusses 
the concept of interfacial activation and the nano-carriers used to induce hyper-activation of 
lipase. In particular, functionalized silica-based nanostructured materials and their major 
synthesis strategies are discussed. Section 2.8 discusses biodiesel and its enzymatic 
production. Section 2.9 emphases on the spray drying technology. Finally, section 2.10 
contains the chapter summary. 
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2.1 Adsorption 
Adsorption is defined as a surface phenomenon in which the solid surface adsorb molecular 
species.1 Adsorption process includes two constituents: 
1) Adsorbent, the material that on its surface adsorption occurs. 
2) Adsorbate, the molecule (substance) that adhere to the surface of the adsorbent.1 
   In principle, adsorption is classified to physical and chemical adsorptions based on the 
type of attraction forces present between adsorbent and adsorbate species.2 Physical 
adsorptions or physisorption is the more common type in which weak Vander Waal forces 
are the driving force of adsorption. It typically happens at low temperature and involves the 
formation of a multilayer of adsorbate species on the adsorbent surface.2 On the other hand, 
chemical adsorption or chemisorption is the governing type of adsorption when the force of 
attraction existing between adsorbate and adsorbent are chemical forces. Chemical 
adsorption results in the formation of a monolayer of adsorbate on the adsorbent surface.1 
   The adsorption process is typically studied through maximum adsorption capacity, 
adsorption isotherm, and adsorption kinetics to understand the adsorption process. 
Adsorption capacity is the maximum quantity of the adsorbate that can be adsorbed by the 
adsorbent.3 Adsorption isotherm is the relationship between of adsorbed and un-adsorbed 
amounts of adsorbate. The adsorption kinetic study the adsorption process over the 
adsorption time.1  
   On account of simplicity and cost-effectiveness of the adsorption process, it has found a 
key part in a broad range of applications including water treatment, enzyme immobilization, 
and drug delivery. Adsorbents have shown a great promise in water treatment industry. 
Different materials have been successfully advanced to remove common water 
contaminants such as organic pollutants and heavy metals from contaminated water.4 The 
adsorption process has also been extended as a high-performance strategy to overcome 
traditional problem of enzymes such as separation from reaction media and reusability.5 It 
has been well-established that the catalytic performance of enzymes can be significantly 
enhanced through adsorption on designed carriers.6  
 
2.2 Nanoadsorbents 
Nanotechnology is the science, engineering, and technology which involves the design, 
synthesis, characterization, and application of assemblies with at least one external 
dimension on the nanometer scale (1 nm = 10-9 m).7 Materials with at least one dimension 
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smaller than 100 nm are defined as nanomaterials.7 Nanomaterials possess several distinct 
advantages over typical materials:  
1) Ultra-small size. 
2) Massive specific surface area. 
3) Adjustable properties (mechanical, chemical, optical, physical, and electronic). 
   On account of these exceptional features, nanoscience has introduced important scientific 
and technological progress over the past few decades in various fields from biology and 
catalysis to water treatment and electronics.8-10  
   The rapid growth of nanotechnology has brought in advanced technologies. One typical 
example is nanoadsorbents which are nanostructured materials with a high affinity to adsorb 
substances.11 Owing to their exclusive features such as adjustable structural properties, 
tunable surface chemistry, and short diffusion distance, nanoadsorbents have shown great 
promise in catalysis and water treatment.12, 13 This class of adsorbents hold ultrahigh surface 
area with a larger number of active sites for interaction with adsorbate species, thus the 
adsorption process by using nanoadsorbents is quicker compared to conventional materials 
and the adsorption capacity is also higher.11 Thus, to improve the effectiveness of adsorption 
processes, nanostructured materials are becoming a common practice in adsorption-based 
applications.  
 
2.3 Nanoadsorbents in water treatment 
2.3.1 Worldwide water shortage and pollution  
The most necessary substance for all living species and human civilization is clean water. 
While water resources are plentiful, a restricted amount of the worldwide water sources (less 
than 1%) is appropriate for social consumption.14 In 2011, the World Health Organization 
estimated that more than 700 million people lacked access to suitable drinking water 
supply.11 Thus, one major milestone for contemporary society is consistent access to fresh 
and inexpensive water.  
   Many challenges threat the current water supply. The price of drinkable water is increasing 
continuously as a result of increasing energy costs, rising populations, and environmental 
concerns.15 The water resources are showing evidence of contamination because of the 
rapid speed of industrialization and the remarkable increase in the population. The water 
demand for sections such as agriculture and industry has increased tremendously which 
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has resulted in the generation of large amounts of polluted water.16 Water contamination 
also creates a risk to human health because pollutants (biological, inorganic, and organic) 
may be transported to drinking water sources which impose risks for human health.1 Hence, 
the remediation of polluted water is highly required in order to circumvent the negative 
effects on the human health and to the environment. 
  
2.3.2 Biological pollutants  
Water sources may be contaminated by biological contaminants such as bacteria, viruses, 
and parasites through agricultural processes or by medical waste.17 Biological pollutants are 
very common and drinking contaminated water with biological waste may result in different 
types of diseases and in the severe case may threaten human lives.18 Water polluted by 
biological contaminants typically treated by chemical or biological methods as these method 
are highly efficient to remove this kind of pollutants.1 There are very rare studies reporting 
the application of nanoadsorbents for the removal of biological contaminants. Li and 
colleagues successfully removed Escherichia coli from groundwater by using nanoscale 
zerovalent iron.19  
 
2.3.3 Inorganic pollutants  
Inorganic impurities such as heavy metals and anions are another group of water pollutants. 
The waste streams of fertilizer industries, tanning units, battery factories, paper industries 
and pesticides metal plating facilities, and mining operations normally contains heavy metal 
species such as arsenic, mercury, chromium, lead, and cadmium.20 Heavy metals are 
extremely toxic, carcinogenic, and not biodegradable. They normally accumulate in living 
organisms and cause various disorders and diseases such as asthma, carcinoma, and 
mental fever.21 Nanoadsorbents have successfully been used to treat water polluted with 
inorganic impurities. Purwajanti and coworkers recently developed mesoporous magnesium 
oxide hollow spheres for efficient arsenic removal with an exceptional adsorption capacity 
of 892 mg g-1.22 In another report, Li et al. fabricated a highly porous polymer-based 
adsorbent with an outstanding content of strong mercury chelating groups which showed a 
breakthrough mercury adsorption capacity of above 1000 mg g-1.23 Anions such as 
phosphate, fluoride, and nitrate are the other category of inorganic water contaminants 
which in high concentrations results in negative side effects and illnesses.24 For instance, it 
is well-accepted that blue babies disease in children is the consequence of the exposure to 
high concentration of nitrate.25 Anions are typically released to water bodies through 
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domestic and agriculture activities. Nanomaterials have shown great potential to remove 
anions from the water. Yang and co-workers reported mesoporous silica materials 
functionalized with loaded lanthanum adsorbents with a high adsorption capability of 1.472 
mmol g-1 toward phosphate.26 
  
2.3.4 Organic pollutants  
One major group of water pollutants is organic-based impurities which include various 
groups such as dyes, pesticides, and hydrocarbons.27 These contaminants have serious 
side effects and are a chief hazard to human health.28 Nanoadsorbents have shown a great 
potential to remove organic pollutants from water.   
   Dyes are usually released to water resources through the waste products of plastic, 
printing, and paper industries and at the moment, the annual production of dyes exceeds 
more than 700,000 tonnes.29 Nanostructured materials have been extensively applied to 
remove dyes from contaminated water because of their high porosity and large surface area. 
Wan and colleagues described the good performance of magnetic mesoporous hollow 
carbon for adsorption of Rhodamine B with an adsorption uptake of 191.64 mg g-1.30 
   Pesticides are chemicals used to kill, repel, or control insects, rodents, fungi, and 
unwanted plants which are released to the environment through human activities such as 
industrial and agricultural wastewater.31 However, limited attention has been paid to 
pesticide adsorption from water.  
   Hydrocarbons, compounds of hydrogen and carbon, are a major group of water pollutants 
which may pollute water resources through natural sources of hydrocarbons (petroleum and 
natural gas) as well as the conversion of organic molecules in the environment through 
chemical or biological processes.32 Tripathi et al. reported hierarchically ordered porous 
carbon materials for advanced elimination of bisphenol A with an extremely high adsorption 
uptake of 1106 mg g-1.33 Owing to the hydrophobic property of hydrocarbons, hydrophobic 
adsorbents have shown a great potential for effective removal of hydrocarbons. In another 
report, Wang and co-workers demonstrated the high-performance adsorption of volatile 
organic compounds by hollow organosilicas spheres.34 The adsorption ability was reached 
to 1306 and 1350 mg g-1 for n-hexane and 93# gasoline, respectively.34 
 
2.4 Polycyclic aromatic hydrocarbons  
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Polycyclic aromatic hydrocarbons (PAHs) are a collection of over 100 organic chemicals 
that consist of two or more attached benzene rings and/or pentacyclic molecules in linear, 
angular, or clustered arrangements.35 Based on the molecular structure, these chemicals 
are classified to low molecular weight (include two or three rings structure) and high 
molecular weight (contain more than four rings structure) compounds.36 
   Owing to their chemically stable structure and low bioavailable segment, PAHs are 
persistent composites in the environment.37 PAHs show poor solubility in water which 
linearly reduces with rise in molecular weight.38 PAHs have been recognized as critical 
contaminants because of their properties such as toxicity, mutagenicity, and 
carcinogenicity.39 The long-term exposure to PAHs may result in an increased risk of 
developing cancer in various tissues such as lung, skin, prostate, and breast.40 Among 
diverse kinds of PAHs, United States Environmental Protection Agency (USEPA) has 
classified 16 PAHs in the priority list owing to their negative influence towards the 
environment and human health.41 
 
 
Figure 2.1 The chemical structure of the priority PAHs (Reproduced with permission from 
Ref. 41). 
   PAHs can be found in abundance in the environment mostly adsorbed on solid and 
carbonaceous materials.36 They have been also identified in soil and sediments, air, water 
bodies, the tissues of animal and plants which indicate the broad presence of these 
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pollutants in the environment. The imperfect combustion of organic material is the major 
cause of PAHs.40 Both natural activities (forest fires, grassland fires, and volcanic activity) 
and human doings (combustion of fossil fuels, heating and power generation, and 
agricultural production) are responsible for the release of PAHs into the environment.40 
Figure 2.2 demonstrates dispersion of PAHs into the air and move through terrestrial and 
aquatic environments.42 
 
Figure 2.2 Dispersion of PAHs through the air, the terrestrial and aquatic environments 
(Reproduced with permission from Ref. 40 with some modifications). 
 
2.4.1 Removal of PAHs from water  
Over the past few decades, a huge amount of attention has been paid to develop the suitable 
process to remove PAHs to alleviate their possible risk to the human health and 
environment.43 In this regards, a wide range of chemical, physical, biological, thermal, and 
phytoremediation procedures such as radio frequency heating, photolysis, chemical 
precipitation, and adsorption has been explored to eliminate PAHs from contaminated water 
sources.36 However, the high cost and complication of the working process are common 
drawbacks for the majority of above techniques. Moreover, in some of these treatment 
processes, some toxic by-products may be released which may result in adverse effects on 
public health.44 
   Among all studied processes to treat PAHs, adsorption method has appeared as a 
promising technique in a cost-effective and green manner.45 In particular, nanostructured 
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adsorbents have shown a great ability to remove PAHs from contaminated water owing to 
their distinctive characteristics such as their small size, large surface area, and high pore 
volume. To date, various nanomaterials including activated carbon, mesoporous silica, and 
polymers have been developed for PAHs removal from wastewater.  
 
2.4.2 Carbon-based adsorbents 
Of the numerous adsorbents, carbon-based nanoadsorbents such as activated carbon, 
carbon nanotubes, and mesoporous carbon particles are identified as the superior ones due 
to their exceptional adsorption performance.15 Their large surface area, high pore volume, 
and intrinsic hydrophobicity is the key to success.15 
   Activated carbon is the most common adsorbent for PAHs adsorption as benefits from an 
extraordinary specific surface area (up to 3000 m2 g-1) which are prepared from diverse 
precursors through carbonization followed by activation procedures.36 Activated carbon has 
been successfully used to remove different types of PAHs. T. Luna and co-workers reported 
the adsorption of pyrene on commercial activated carbons with an adsorption capacity of 
147 mg g-1.46 
   Carbon nanotubes are carbon species rolled up in a tubular construction. Highly 
accessible porous structure to adsorb pollutants species and large surface area have made 
carbon nanotubes an encouraging candidate for remediation of PAHs polluted water. Taking 
advantage of these features, Yang and colleagues achieved high adsorption of pyrene on 
carbon nanotubes with an adsorption capacity of 42.7 mg g-1.47 
   The other class of carbon-based nanomaterials that recently has gained a huge amount 
of attention among research is hollow carbon spheres with mesoporous shells. In addition 
to conventional advantages of carbon-based adsorbents, the interior cavity of these particles 
could further enhance pollutant molecules uptake and the mesoporous carbon shell provides 
the easy diffusion of guest species.48 Very recently, Owen et al. reported the superior 
performance of hollow mesoporous carbon spheres towards adsorption of di-(2-
ethylhexyl)phthalate with an exceptionally high adsorption capability of 5084 mg g-1.49 
 
2.4.3 Silica-based adsorbents 
The second typical adsorbent for PAHs includes silica-based adsorbents. Silica 
nanomaterials have gained a huge content of attention because of their adjustable textural 
properties and ease of functionalization. SBA-15 (Santa Barbara Amorphous No. 15) 
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functionalized with amine groups was used by Balati and coworkers for PAHs removal from 
water. An adsorption capacity of 1.67 mg g-1 was achieved for Naphthalene.50 Organic 
mesoporous silica nanomaterials are major advances in the area of adsorbent materials. 
The presence of functional hydrophobic and the mesoporous structure has made these 
materials as potential candidates to remove PAHs from the water.51 Organosilica adsorbents 
with Pentynyl -cyclodextrin as the organic moiety were successfully developed for 
phenanthrene removal with extraction efficiencies more than 95%.52 
 
2.4.4 Other adsorbents 
Beside carbon- and silica-based adsorbents quantum dots, polymers, metal, and metal 
oxides with functional organic groups on their surface that pose a high affinity towards PAHs 
have been also investigated for PAHs adsorption.45 Quantum dots have been also 
investigated as adsorbents to treat PAHs. Qu and co-workers reported the success of 
cadmium telluride quantum dots functionalized with -cyclodextrin to remove PAHs.53 
Magnetic nanoparticles have been extensively used in the isolation of PAHs as their 
magnetic property facilitate their separation and recovery from adsorption by an external 
magnetic field. Liu and co-workers successfully removed pyrene from by using functional 
rattle-type microsphere with a magnetic-carbon double-layered with an adsorption capacity 
of 77.1 mg g-1. Additionally, adsorbent showed an excellent reusability, keeping 84% of 
initial adsorption capacity after over six time’s reuse.54 Polymers are another group of 
adsorbents used for PAHs decontamination. Sun and colleagues fabricated homopolymer 
vesicles for effective removal of anthracene from the water. They attained an adsorption 
capacity of 29 mg g-1.55 
 
2.4.5 Challenges facing superior adsorption of PAHs from contaminated water 
For any adsorption practice, an ideal adsorbent should possess large pore size, high surface 
area, and huge reachable mesopore volume.16 However, traditional adsorbents which have 
been tried to eliminate PAHs from wastewater, typically lack these key features.36 More 
importantly, PAHs suffer from the absence of functional groups which make it excessively 
difficult be targeted for binding with common adsorbents. Fortunately, their hydrophobic 
nature opens a window to use this property to remove them from aqueous media.37 But, 
current adsorbents normally are not enough hydrophobic to take advantage of this 
opportunity.36, 37 Thus, the current challenge in this field is to develop nanoadsorbents with 
large pore size, high surface area, huge reachable mesopore volume, and simultaneously 
high hydrophobic property to successfully decontaminate PAHs from the water. 
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   Besides removing organic pollutants from wastewater, the adsorption process has also 
shown a great promise to tackle conventional difficulties of enzymes, e.g., separation from 
reaction media and reusability.5 In particular, adsorption of lipase on designed nanocarriers 
has appeared as an efficient strategy to improve the catalytic performance of lipase.56 
 
2.5 Lipase: opportunities and challenges 
Enzymes are proteins that act as catalysts to accelerate the rate of chemical reactions 
millions of times over by lowering the activation energy,57 which possess a three-
dimensional structure constituted by hundreds of amino acids. Generally, enzymes are 
derived from renewable resources with excellent biocompatibility and biodegradability.58 The 
unique feature of enzymes is specificity.56 Only a small specific part of the enzyme, called 
the active site, participates in the catalysis of chemical reactions. As proposed by Emil 
Fischer in 1894, both the active site and the substrate hold exact matching geometric shapes 
so that they can fit just into each other. This process is well-known as "the key and lock " 
model.56 The reaction occurs only when the right enzyme finds the right substrate. After 
completion of the reaction, the enzyme disassociates and becomes available to contribute 
to further reactions. 
   One representative example of enzymes are lipases (triacylglycerol hydrolases; 
EC3.1.1.3).59 They are found in all categories of living creatures from bacteria and fungi to 
animals and plants.56 In recent years, this class of enzymes has gained massive attention 
due to their multipurpose catalytic performance which comprises esterification, 
transesterification, hydrolysis, aminolysis and many more.60 The use of lipases in various 
uses, mutually in research laboratories and in the industry, have intensely increased during 
the past decades as they own: 
1) Catalytic activity without cofactors.  
2) Stability in organic solvents. 
3) Broad substrate specificity.  
4) High reaction chemoselectivity which means lipases have the ability to react with one 
group or atom in a molecule in preference to other groups or atoms present in the same 
molecule. 
5) Excellent regioselectivity which means lipases are able to break one of direction chemical 
bond preferentially over all other possible directions. 
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6) Outstanding stereoselectivity which means lipases are able to form one stereoisomer 
favorably over another in a chemical reaction.61 
   This family of enzymes has been widely used in detergent industry, pharmaceutical and 
fine chemical synthesis, food processing, biofuel production, and the pulp and paper 
industry.62 Nevertheless, lipase as a kind of protein possesses a delicate structure which 
can be easily denatured by tough circumstances such as high temperature and harsh pH.63 
The fragile nature of lipase has important implications for the commercial application of 
lipase in various industry.64  
 
2.6 Enzyme Immobilization 
Enzyme-mediated reactions have become increasingly important in industrial applications, 
e.g., fine chemical synthesis, diagnosis, textile industry, food processing, animal feed, and 
biofuel production on account of their astonishing catalytic effectiveness.65 They also 
possess high selectivity under mild and green conditions.66 The size of global market for 
industrial biocatalysts was valued at around $5 billion USD in 2015 and projected to increase 
at a yearly growth rate of 7–9%. Figure 2.3 represents the detailed market segments.67 
Though enzymes display effective catalytic activity under conventional conditions, the main 
challenge associated with the large-scale industrial enzyme-based processes is the high 
operational cost which originates from poor stability and recyclability of the enzymes.12 
 
Figure 2.3 The world enzyme market in 2010 by segment (Reproduced with permission 
from Ref. 67). 
   These shortcomings can be overcome by enzyme immobilization in which enzyme 
molecules are attached to different types of supports to reduce enzyme mobility.68 In 
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general, the immobilization of enzyme significantly improves the stability of enzymes due by 
means of rigidification of 3-dimensional structure of enzyme molecule; the attachment the 
enzyme to the support fix the biocatalysis molecule in a certain position, decrease the 
movement of the enzyme, and eventually increase its stability under harsh circumstances 
(such as organic solvent, high temperature, and extreme pH).69 More significantly, the 
biocatalysis system could be recovered and reused in a nonstop procedure.70 The concept 
of enzyme immobilization was initially established as an engineering method which designed 
to provide ease separation and recycle of enzyme catalysts by Nelson et al. by 
immobilization of invertase on charcoal in 1916.71 Uninterrupted efforts in this field yielded 
in the first report of the commercialized immobilized enzyme in 1960s; Tosa and colleagues 
conveyed DEAE-sephadex-aminoacylase column for nonstop resolution of acyl-DL-amino 
acids.72 Sales of immobilized enzymes exceeded 200 million USD in 2015.67   
 
2.6.1 Nanomaterials for enzyme immobilization  
The rapid growth of nanobiotechnology has caused ground-breaking advances in the field 
of enzyme immobilization such as ‘Nanobiocatalysis’ in which enzyme molecules are 
merged into nanomaterials such as nanoporous carriers, nanofibers, and nanoparticles 
using different immobilization methods.70 In comparison with other supports, the interest in 
the use of nanostructured supports for enzyme immobilization has amplified continuously in 
recent years on account of astonishing properties of these materials such as: 
1) High surface area. The large surface area of nanomaterials significantly improves the 
amount of loaded enzyme which increases the activity of immobilized enzyme per unit mass 
or volume in comparison with that of the immobilized biocatalysis onto traditional carriers.3  
2) The precise control over size. The other beneficial feature of nanostructured materials 
compared with traditional supports is the capability of precise control of size at the nano-
scale like the particle size of nanoparticles, the size of pore in nanoporous materials, and 
thickness of nanofibers or nanotubes.70 These parameters can be adjusted to increase the 
performance of the immobilized enzyme; For instance, the pore size of the porous 
nanomaterials may be adjusted to be slightly larger than the size of the enzyme molecule to 
minimize the loss of the immobilized enzyme during enzymatic reaction.73 
   Yet, there are several problems associated with the application of nanomaterials in this 
area.74 The recovery of the support from the reaction media is a challenging task which may 
be addressed by the tailored design of nanocarriers; e.g., by using nanomaterials with 
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magnetic property to take advantage of magnetic separation of the support.74 The other 
problem is related to the handling of nanomaterials in the form of the dry powder which 
presents certain health and environmental concerns that may be simply overcome by 
comprehensive implements of risk assessments.74 
 
2.6.2 Common nanomaterials for enzyme immobilization  
Materials of different types have been used to support enzymes (Figure 2.4).75, 76 The most 
common candidates to immobilize enzymes are silica-based materials due to their 
extraordinary properties such as adjustable textural features, good mechanical and thermal 
stability, and more importantly, simplicity of functionalization.77 Very recently, Lei and co-
workers reported mesoporous silica nanoparticles loaded with horseradish peroxidase as 
an ultrasensitive enzyme-linked immunosorbent assay.78 The resultant system showed an 
exceptional improvement in insulin detection sensitivity (2000 times) in comparison with the 
commercial kit which was attributed to the unique structure of carriers which provided a high 
loading amount of enzymes inside the easily accessible pore channels.78 Polymer-based 
nanocarriers have been also widely applied for immobilization of various enzymes.6 While 
they can be simply produced in huge amounts, their large geometric size typically results in 
diffusion resistance.79 Zhu et al. reported a temperature-responsive enzyme-polymer 
nanoconjugate prepared through self-assembly of cytochrome c and Pluronic F127 with 
improved enzymatic activity in organic solvents.80 Metal-based nanomaterials have been 
appeared as promising nanocarriers to fabricate immobilized enzymes systems.81 
Generally, the surface of metal-based nanomaterials is modified with various functional 
groups such as amino to form robust reactions with enzyme molecules.82 Magnetic 
nanoparticles are of special attention for biocatalysts due to their ease of separation from 
reaction media and reuse.83 Dyal and co-workers described the simple separation of lipase 
immobilized onto magnetic nanoparticles by using an external magnetic field.84 Carbon-
based materials have been broadly hired as support materials for immobilization of enzymes 
as a result of their biocompatibility, inertness, and thermal stability; however, their strong 
hydrophobicity is a challenging issue for applications involved aqueous systems.85 Lee and 
colleagues developed a highly sensitive and fast response biosensor for glucose detection 
by using a tailored mesocellular carbon foam as a carrier to immobilize glucose oxidase.86  
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Figure 2.4 Illustration of nanomaterials, including organic and inorganic nanoparticles, 
applied for enzyme immobilization (Reproduced with permission from Ref. 75). 
 
2.6.3 Mesoporous nanomaterials  
The performance of the biocatalysis system is influenced by the properties of the carrier.87 
The ultimate carrier generally should be chemically, mechanically and thermally stable, 
inertness toward enzyme, biocompatible, low-cost, resistant to microbial attack, and 
insolubility in the media applied for the enzyme immobilization process.88 More importantly, 
the ideal support should present a high loading capacity for biocatalysis and also protect the 
enzyme against denaturation or deactivation.89  
   In this regard, porous materials have arisen as preferred candidates for enzyme 
immobilization in view of the fact that the high surface area of porous materials assures the 
high loading amount of enzyme.90 Porous materials are typically categorized as microporous, 
mesoporous or macroporous in which the pore sizes are less than 2 nm, between 2 and 50 
nm and higher than 50 nm, respectively, as stated by IUPAC system.91 Among these groups, 
mesoporous materials are of more interest to host enzymes; the size of enzyme molecules 
are generally smaller than the size of mesopores, thus enzyme molecules have the 
opportunity to be immobilized inside the mesopores and subsequently, the fragile structure 
of the enzyme molecules can be protected through harsh operational conditions.91  
   Template-assisted methods (endo-templating and exo-templating) are generally applied 
to fabricate mesoporous materials (Figure 2.5).92 The endo- or soft-templating technique is 
based on using a template such as polymer spheres in the course of the construction of the 
solid. The template is then removed by means of calcination or liquid extraction to create 
the porous nature of the product.93  
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Figure 2.5 Representation of endo- and exo-templating method to fabricate porous 
materials (Reproduced with permission from Ref. 92). 
   In exo or hard-templating method, the pores of an exotemplate such as mesoporous silica 
are occupied with a precursor solution.94 In advance of the elimination of the template by 
dissolving or thermal decomposition, depending on the materials, the product should be 
subjected to carbonization process for carbon-based materials or calcination treatment for 
oxidic-based materials.84  
 
2.6.4 Strategies for the immobilization of enzymes  
Three main strategies have been introduced for the immobilization of enzymes on various 
supports: physical adsorption, covalent attachment, and encapsulation/entrapment.95, 96 A 
summary of these methods and the matching interactions between enzyme molecule and 
the carrier is provided in Figure 2.6.73 It should be noted that there is no general classification 
for immobilization techniques and it is possible to find many other divisions in the literature. 
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Figure 2.6 Enzyme Immobilization methods (Reproduced with permission from Ref. 73). 
 
2.6.4.1 Physical adsorption 
Physical adsorption is the most prevalent method to immobilize enzymes onto any type of 
carrier due to its simplicity, cost-effectiveness, and reversibility.5 The process is basically 
achieved by taking enzyme and carrier in contact with each other.97 There is no need to 
functionalize the surface of the support, thus physical adsorption is actually low-priced and 
fast.69 Enzymatic activity retention is actually high because there is no change in the 
structure of the enzyme during the procedure.98 More importantly, in the case of an 
expensive carrier, reversibility of the process facilitates the desorption of inactive enzymes 
and reuse of support.73  
   Physical adsorption is mostly defined as an impact of van der Waals forces between the 
support surface and the enzyme molecules; however, it also benefits from other physical 
interactions such as hydrogen bonding, ionic bonding, electrostatic forces, and hydrophobic 
effects.99 Owing to the existence of different carbohydrates and amino acids, the surface of 
an enzyme molecule includes diverse functional moieties, hence a mixture of various forces 
typically occurs during physical adsorption method.95 Unfortunately, these interactions are 
usually too weak and only attach (not chemically link the enzyme molecules to the carrier), 
thus the adsorbed enzymes are highly susceptible to leaching even with minor changes 
during operation, for instance, pH/temperature alterations or change in concentration of 
substrate.58 Numerous tactics have been proposed to minimize enzyme leaching: 
1) The enhancement of enzyme-support surface interactions.73 For instances, the 
electrostatic interactions between the carrier surface and the enzyme molecule can be 
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reinforced by appropriate tuning of the pH value of the immobilization process media.56 For 
any kind of enzyme, the isoelectric point (pI) is the pH at which the total charge of the 
enzyme molecule is zero and typically is a function of the distribution of surface functional 
groups.56 For example, to physically immobilize enzymes on silica carriers which are present 
positive charge at pH values below three, the immobilization process can be conducted at 
a pH in which enzymes possess larger positive charge to enhance the electrostatic 
interactions between the surface of the carrier and the enzyme molecule.100 While this 
strategy is simple, the pH value of the catalytic reaction should be kept similar to that one 
for the immobilization process to reduce leaching which may not be probable in numerous 
cases.73  
2) Tailoring the pore size. The leaching performance of the immobilized enzyme is also 
affected by the pore size of the support. The study of the connection between the carrier 
pore size and the leaching of the immobilized enzyme was first investigated by Balkus and 
Diaz in 1996.101 The continuous research in this filed derived the key fact that the 
stabilization of the protein happens just when the pore size is slightly larger than the size of 
the enzyme. Later, Takahashi et al. described that immobilized horseradish peroxidase with 
high stability can be attained only by size matching between the enzyme molecule and the 
pore.102 Thus, leaching problem can be addressed if the biocatalysis molecules are closely 
packed into the pore.  
 
2.6.4.2 Covalent attachment  
The covalent bonding forms strong and stable bonds between enzyme and support, 
significantly stabilize enzyme against harsh conditions by rigidification and therefore prevent 
enzyme leakage.103 Thus, covalent attachment is the main technique for the design of highly 
stable enzymatic systems for industrial applications.104 The other advantage of the covalent 
binding method is that due to the minimized enzyme desorption from the support, the 
possible contamination of the product by the enzyme is circumvented.105  
   The key step of covalent attachment process is the formation of chemical bonds between 
the enzyme molecule and the surface of the support. Fortunately, enzymes generally own 
diverse functional moieties on their surface such as amino groups of arginine,95 which are 
able to link to different functional groups. Thus, the support surface can be functionalized 
with a wide range of functional groups which can be linked to the diverse groups on the 
surface of the enzyme. The most popular path to chemically immobilize enzyme is the 
amino-functionalization of the support surface and subsequent reaction with glutaraldehyde 
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(Figure 2.7). Glutaraldehyde owns two aldehyde groups; one group connects to the amino 
group of the support surface (by forming imine bindings) and the other one reacts with the 
amino group of the enzyme molecule.95  
 
Figure 2.7 Schematic illustration of covalent attachment of enzyme molecule on silica 
surface (Reproduced with permission from Ref. 95). 
   In spite of all benefits provided by covalent immobilization strategy, it comprises numerous 
steps (such as carrier activation and forming chemical bonds), which makes this strategy 
expensive and laborious. Furthermore, the activity of biocatalysis system may be reduced 
due to the configurational change of the enzyme molecule under the tough conditions of the 
covalent immobilization process.98 
 
2.6.4.3 Encapsulation/entrapment 
The encapsulation/entrapment of enzymes is a relatively modern technology developed to 
diminish enzyme leakage by the introducing chemical/physical barriers.106 There are 4 main 
strategies for this kind of immobilization: 
1) Microencapsulation. After the immobilization of the enzyme, microencapsulation strategy 
is typically conducted as a second synthesis step in which enzymes are captured within the 
interior of microcapsule phase by introducing a second layer such as a porous polymer-
based system.107 Microcapsules display core-shell structures of variable complexity and are 
typically sphere-shaped with sizes in the range of micro to the millimeter.107  
2) Gel entrapment. The entrapment of enzyme in the gel is an immobilization method which 
involves simultaneous materials synthesis and enzyme immobilization.106 Sol-gels are silica-
based materials with high porosity which readily prepared by hydrolytic polymerization under 
relatively gentle conditions for many enzymes.73 
3) Channel entrapment. This method is normally executed as a subsequent step after the 
physical adsorption of enzyme molecules to suppress the leaching. To achieve this aim, the 
enzyme is physically immobilized inside the mesopore and then bulky functional groups or 
microporous layers are introduced to reduce the size of pore entrance to about 1 nm to 
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encapsulate enzyme molecules inside the pores.108, 109 It should be mentioned that 
modification treatment after enzyme adsorption always conveys the possibility that the 
enzyme molecule itself is modified, which may result in a decrease in activity.95  
4) Cross-linking. The cross-linking method is similar to channel entrapment and typically 
completed in a 2 step method. In this strategy, enzyme molecules are immobilized through 
physical adsorption and then, as a second step, cross-linking agents such as glutaraldehyde 
are introduced to stabilize enzymes.73 In this step, the cross-linking agent serves as a glue 
between enzyme molecules and form enzyme aggregates. The resultant enzyme-based 
aggregates are extremely stable and retain their catalytic activity even under harsh 
conditions. Their size is also larger than the pore system, thus leakage is eradicated.106 
   In general, encapsulation/entrapment processes are performed under conditions which 
are mostly incompatible with enzyme conditions and can damage to the building of the 
enzyme.56 Moreover, the pore blocking is the other major concern for this method which 
limits the diffusion of substrates and products during enzymatic reaction.98 
 
2.7 Interfacial activation 
Lipase immobilization has considerably improved the stability and cyclability performance of 
lipase, yet, the application of immobilized lipase-catalyzed reactions is often limited mainly 
by the poor catalytic performance of the immobilized enzyme.56 Lipase generally shows a 
severe decrease in catalytic activity after immobilization which rises from the increased 
mass-transfer limitations between the enzyme and substrate, the fractional blocking of 
enzyme active sites or alternation of native enzyme structure during the immobilization 
process.110-113  
   Interfacial activation concept has developed as an elegant approach to enhance the 
activity of immobilized lipase over the recent years.114 It has been well-documented that the 
lipase molecule possesses a flexible configuration in which the active site is covered by a 
hydrophobic and movable region of the lipase molecule, called the “lid”.115 The crystal 
structure study besides the molecular simulation exposed that in hydrophilic 
nanoenvironment such as hydrophilic supports, the lipase molecule displays a closed 
configuration in which the active site is covered by the lid.116, 117 Thus, the accessibility of 
the substrate to the active site is poor and the enzymatic activity is limited. It is suggested 
that by introducing a hydrophobic surrounding nanoenvironment, the lid will be shifted to an 
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open configuration in which the active site is more reachable for the substrate, and 
eventually the activity is increased (Figure 2.18).118  
 
Figure 2.8 Schematic illustration of lipase structure in closed (left) and open form (right). By 
inducing interfacial activation, the lid opens and the active site (yellow) becomes accessible 
(Reproduced with permission from Ref. 118). 
 
2.7.1 Methods to induce interfacial activation 
Two main strategies have been developed to induce the hyperactivation of lipase through 
interfacial activation: 
1) Using surfactants. An interfacial activation effect in the presence of different types of 
surfactants been reported for lipase.119, 120 In a recent article, Cui et al reported a significant 
increment of lipase activity, around 460% higher than that for free enzyme, in the presence 
of cetyltrimethylammonium bromide (CTAB).119  It was suggested that the amphiphilic nature 
of CTAB could interact with the lid and induce the open configuration of lipase (Figure 2.9).  
 
Figure 2.9 Schematic illustration of interfacial activation of lipase by CTAB (Reproduced 
with permission from Ref. 119). 
2) By means of immobilizing lipase on hydrophobic carriers which is the more common 
method to create interracially activated immobilized lipase.118 Hyperactivation of lipase 
through immobilization on hydrophobic supports was first described by Guisán and 
coworkers in which immobilized lipase on the octyl-agarose gels exhibited an improved 
activity compared with the free enzyme.121, 122 In another article, Jin et al. applied a series 
of siliceous mesocellular foams (MCFs) covalently grafted with various organic groups 
including n-octyl trimethoxysilane (C8), N-trimethoxysilylpropyl-N,N,N-trimethylammonium 
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chloride (TMNCL), and phenethyltrimethoxysilane (Ph) to control the carrier hydrophobicity 
for lipase immobilization (lipase from P. cepacia, PCL).74 The increase of immobilized lipase 
activity along with the rise in the surface hydrophobicity of MCFs was observed and the most 
hydrophobic silica nanomaterial demonstrated the highest activity (1.23 times higher than 
that of free lipase) (Figure 2.10).123 
 
Figure 2.10 The activity of the lipase immobilized on MCFs was markedly improved with the 
increase in the carrier hydrophobicity (characterized by water contact angle) (Reproduced 
with permission from Ref. 123). 
 
2.7.2 Nano-carriers for interfacial activation 
2.7.2.1 Organically functionalized silica-based nanomaterials 
Organically functionalized silica-based nanostructured materials have been the most 
frequently used carriers to induce interfacial activation of lipase owing to their outstanding 
features, such as tunable textural features (such as pore size), thermal and mechanical 
stability, and more importantly the ease of functionalization.124, 125 The unique opportunity of 
incorporation of hydrophobic moieties inside the hydrophilic silica framework is particularly 
of great interest for lipase immobilization as makes it possible to induce interfacial activation 
of lipase inside a thermally stable and robust inorganic structure.125 The utilization of 
organically functionalized silica-based nanostructured materials as lipase support to 
enhance the activity of the immobilized lipase has been described by numerous studies and 
a straight connection between the activity of the immobilized lipase and the hydrophobic 
property of the carrier has been generally observed.123, 126-131 To prepare organically 
functionalized silica-based nanomaterials, three methods are available: grafting, co-
condensation, and production of periodic mesoporous organosilicas. 
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2.7.2.1.1 Post-synthesis functionalization of silica or grafting approach 
The functionalization of the pore walls of an entirely inorganic mesostructured silica structure 
with organic moieties is typically known as grafting in which existent silanol groups on the 
pore walls of the carrier are functionalized with organosilanes (R'O)3SiR (R is organic 
functional group and R' is methyl or ethyl groups) (Figure 2.11).132 While after grafting 
process, the structure of the initial silica material is typically preserved, a drop in the porosity 
of the structure normally happens.124 It is also possible that the organosilanes react at the 
opening of the pores during the preliminary steps of the grafting process which may diminish 
the diffusion of other organic moieties into the center of the pores.124 This leads to the 
uneven scattering of the organic moieties within the pore walls as well as a lower amount of 
incorporated organic groups.132 In severe cases for example for very large grafting species, 
this process may result in complete pore-blocking.132 
 
Figure 2.11 Grafting approach (Reproduced with permission from Ref. 124). 
   Post-modified silica materials have been extensively used as carriers for immobilization of 
lipase.123, 127, 133 Liu and co-workers reported the enhancement of relative activity of 
immobilized lipase on the mesoporous silica materials functionalized with long-chain 
polymers with a moderate hydrophobic property; the activity reached up to 2.81 times higher 
as compared to that for native enzyme.133  
 
2.7.2.1.2 Co-condensation approach 
The other technique to manufacture organically modified mesoporous silica materials is co-
condensation which involves the simultaneous condensation of the corresponding 
organosilica ((R'O)3SiR) (R is the organic functional group and R' is methyl or ethyl groups) 
and silica (such as tetramethyl orthosilicate) precursors.132 In this strategy, organic residues 
are attached to the pore walls through the formation of chemical bonds (Figure 2.12).124 Co-
condensation method provides more homogeneous distribution of the organic moieties 
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compared to grafting process.110 Furthermore, pore blocking does not occur in this strategy 
as the organic groups are straight constituents of the silica framework.132 Nevertheless, 
there are several shortcomings for the cocondensation method. With increasing the 
concentration organosilica precursor, the ordered degree of the product declines and 
eventually results in a completely disordered product.125 In addition, the amount of 
incorporated terminal organic moieties into the pore surfaces is normally lower than grafting 
process.124 The above observations are attributed to the fact that the rates of hydrolysis and 
condensation of the diverse precursors are incapable of being matched which favors 
homocondensation reaction of organosilica precursor instead of cross-linking and co-
condensation reactions between the precursors.132 Thus, the uniform distribution of 
functional moieties in the structure cannot be assured. The rise in the incorporated amount 
of the functional groups can also cause the severe reduction of the pore diameter, surface 
area, and pore volume.132 Finally, the surfactant removal should be conducted through time-
consuming methods such as extractive method instead of simple calcination method to not 
damage the organic functionality.124 
 
2.7.2.1.3 Production of periodic mesoporous organosilicas (PMOs) 
PMOs are a distinctive class of hybrid porous materials wherein the organic moieties are 
homogeneously incorporated inside the whole inorganic framework at the molecular level.134 
The production of these materials includes hydrolysis and condensation reactions of 
inorganic silica precursor [(R'O)4Si] and bridged organosilica precursor [(R'O)3Si-R-Si(OR')3] 
(R is organic functional group and R' is ethyl or methyl groups) and was first described in 
1999 by three independent groups (Ozin and colleagues,135 Stein and colleagues136 and 
Inagaki and colleagues137) as an innovative category of organic-inorganic hybrid materials 
(Figure 2.13).138 In comparison with organically functionalized silica nanomaterials obtained 
through grafting or co-condensation strategies, PMOs benefits from the uniform distribution 
of the organic moieties in the pore walls.139 
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Figure 2.12 Co-condensation approach (Reproduced with permission from Ref. 124). 
 
Figure 2.13 Schematic synthesis path to create PMOs (Reproduced with permission from 
Ref. 124). 
   PMO materials have shown highly promising performance as desired carriers for superior 
immobilization of lipase. Blanco and co-workers reported the advantage of ethane-bridged 
PMOs as lipase carrier over hydrophobically-modified mesoporous silica particles; the 
relative activity of the lipase was significantly increased from 0.80 for octyl-functionalized 
mesoporous silica to 2.02 for PMO.130 Hartman and co-workers in a recent breakthrough 
reported highly-efficient immobilized lipase on PMOs with various bridged organic moieties 
(ethane, ethane, benzene).126, 128, 131 A specific activity 5.0 times higher than that of the free 
enzyme was achieved which was attributed to the unique structure of the carrier which 
eliminates mass-transfer limitations (large cage-like pores) and extraordinary hydrophobic 
surface properties.  
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2.7.2.2 Graphene oxide  
Recently, graphene oxide (GO) sheets have appeared as promising carriers for interfacial 
activation of lipase as profits from exceptional features such as good stability, adjustable 
surface chemistry, exceptional surface area, and scalable production.140 Rezaei and co-
workers reported the superior activity of lipase covalently immobilized on hydrophobically 
functionalized GO with an enhanced specific activity of 1.85 times of free lipase.141 Later, 
Mathesh et al. studied lipase activity as a function of surface hydrophobicity for a series of 
reduced GO with different hydrophobicity/hydrophilicity properties; the optimized sample 
with a water contact angle of around 70° exhibited the highest activity (~2.2 times higher 
than that of free lipase).142 However, proceeding toward creating a multilayered enzyme 
paper resulted in a significant reduction of activity (∼40%), chiefly due to the mass transfer 
limitations. 
 
2.7.2.3 Other nanomaterials 
Some other kinds of nanostructured materials with high enzymatic activity have also been 
used for hyper-activation of lipase. An efficient biocatalytic system was developed through 
immobilization of lipase on hydrophobically tailored carbon dots; a 3.7 fold improvement of 
activity was achieved compared to free enzyme.143 Rueda et al. reported hetero-functional 
octyl-glyoxyl agarose beads as a tailored carrier for lipase immobilization. Enzyme reached 
an activity of 300% compared to the free which was attributed to lid opening.144 In another 
case, Chen and co-workers showed the activity amplification of lipase immobilized on 
hydrophobilized zirconia nanoparticles.145  
 
2.8 Biodiesel  
More than 80% of the total energy consumed globally is provided by fossil fuels.146 The 
worldwide consumption of diesel fuel in the transportation part is projected to be around 58% 
of this amount.147 It is anticipated that fossil oil will be drained in less than 100 years mainly 
because of the quick population and industrialization growth.148 Meanwhile, the diverse 
effects of climate change have caused new principles for fuels.149 Thus, a growing worldwide 
search for renewable and also green liquid fuels which promise energy security have been 
initiated.149 
   Biodiesel, alkyl esters of long chain fatty acids produced by transesterification of lipid 
sources (vegetable oils or animal fats), has gained much attention as a substitute fuel on 
account of its extraordinary features, such as reproducibility, non-toxicity, and 
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biodegradability.150 In transesterification reaction, lipid sources which chiefly include 
triglycerides in the presence of short chain alcohol such as methanol are transformed into 
fatty acid methyl ester (FAME) with glycerol as a byproduct (Figure 2.14).146 The above 
reaction can be proceeded by the base (such as sodium hydroxide or potassium hydroxide) 
or acid (sulfuric acid and hydrochloric acid) catalyst and immobilized enzyme (lipase) 
catalyst.146  
 
Figure 2.14 Depiction of transesterification reaction (Reproduced with permission from Ref. 
146). 
   Over the past decade, immobilized lipase-mediated transesterification reaction has gained 
more interest compared with traditional basic or acidic catalyzed processes for biodiesel 
production owing to the downstream processing problem associated with the chemical 
transesterification; a massive quantity of wastewater is produced through the process and 
also glycerol recovery is problematic.151 Additionally, immobilized lipase-mediated 
transesterification reaction offers mild reaction condition and easy recovery of product.151 
Despite all of these benefits, the application of immobilized lipase-catalyzed 
transesterification reaction is often limited mainly by the poor catalytic performance of 
immobilized enzyme. Burn et al. developed a continuous flow reactor by anchoring lipase 
covalently to as-synthesized monolithic silica column for biodiesel production.152 Though 
biohybrid column showed unprecedented durability, the daily conversion level was limited 
to 40% and regularly declined along with cycles; attributed to low lipase loading (32 mg g-1), 
low activity retention (100%), and inactivation of the enzyme by ethanol.152 In another 
report, Chattopadhyay and Sen developed an innovative immobilized lipase-based reactor 
system in which two packed bed reactors in series were used for the nonstop biodiesel 
production.153 While the process was extremely cheaper compared to previous literature 
using commercialized immobilized lipase (Novozyme 435) durable, the conversion 
performance was unsatisfying. Thus, developing an effective approach to improve the 
catalytic performance of lipase for biodiesel production remains an ongoing challenge.   
Chapter 2 Literature review 
 
32 
 
2.9 Spray-drying technology 
The spray-drying strategy has emerged as a quick, nonstop, economical, reproducible and 
scalable procedure to produce powders material by passing a fluid feed through a high-
temperature drying gas medium, frequently air (Figure 2.15).154 The resulting product is in 
the form of solid particles with relatively broad size distribution at the micron scale.155 At 
laboratory scale, the yield of spray dryer machine is generally limited mainly because a major 
part of the final product is lost in the drying chamber and also the poor performance of the 
cyclone for separation of fine particles (< 2 μm).154  
 
 
Figure 2.15 Schematic picture of a spray drier machine (Reproduced with permission from 
Ref. 154). 
   In recent years, the spray drying process has become a common practice in a broad range 
of industrial applications such as electronic materials156 and water treatment157 owing to its 
high-speed processing capabilities. However, the application of the spray drying method to 
design immobilized enzymes with high performance has received little attention. Patel and 
coworkers recently reported immobilization of diverse enzymes (glucose oxidase, laccase, 
and horseradish peroxidase) on the multiple-shelled Fe2O3 yolk-shell particles synthesized 
by spray drying process.158 Even though the immobilized enzymes exhibited substantial 
improvements in stability and reusability, the activity retention was restricted to less than 84% 
because of considerable mass transfer limitation.  
 
2.10 Outlook 
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The key role of adsorbent materials in adsorption of PAHs and hosting lipase molecules was 
introduced. It is well-documented that nanoadsorbents have shown a great promise in PAHs 
decontamination from the water.37 However, the effectiveness of current adsorbents is 
typically limited by their poor performance.36 The limited mesopore volume and low 
hydrophobicity have restricted their adsorption capacity towards various PAHS.36 It was also 
illustrated that despite the well-accepted benefits of lipase in various fields, its effectiveness 
is hampered by the fragile structure of lipase; exposure to high temperatures and severe pH 
conditions most probably will cause denaturation of enzyme and subsequent losing 
activity.56 In addition, the active site of lipase is covered with a flexible region of the enzyme 
molecule, called lid which results in restricted substrate accessibility to the active site and 
subsequent limited activity of the enzyme.56  
   We also summarised the recent progress in nanomaterials developed for adsorption of 
PAHs and immobilization of lipase. Mesoporous materials with designed textural properties 
and desired hydrophobic property offer a great potential to address these challenges. It has 
been demonstrated that mesoporous adsorbent nanomaterials can enhance adsorption 
performance in the field of PAHs adsorption as well as lipase accommodation. However, 
there is a lack of understanding of the relationship between structure/functionality and 
improvement of nanoadsorbents performance. Thus, it is still an ongoing challenge to 
develop innovative adsorbent nanomaterials simultaneously with optimized structure and 
desired high hydrophobic microenvironments to improve the adsorption effectiveness of 
PAHs and Lipase molecules.  
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                  Chapter 3                                                                
Methodology 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter summarizes the synthesis procedures of mesoporous materials as well as their 
functionalization and characterization methods. The techniques used for assessing 
immobilized lipase performance and adsorption of PAHs are also described in this chapter. 
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3.1 Materials synthesis 
3.1.1 Synthesis of magnetite particles 
The magnetite particles were prepared through a solvothermal reaction.1 Briefly, 0.811 g of 
FeCl3.6H2O, 0.044 g of sodium citrate dehydrate and 1.802 g of urea were completely 
dissolved in 30 mL of ethylene glycol by ultrasonication and vigorous magnetic stirring. The 
obtained homogeneous yellow solution was transferred to a Teflon lined stainless-steel 
autoclave (50 mL capacity) and sealed to heat at 200 C. After reaction for 6 h, the autoclave 
was cooled to room temperature. The obtained black magnetite particles were separated 
magnetically and washed with ethanol and deionized water three times to eliminate organic 
and inorganic impurities, and then dried in vacuum at 60 C for 6 h.  
3.1.2 Synthesis of RMMHC NPs  
RMMHC NPs were synthesized according to a reported approach with some modifications.2 
In a typical synthesis, a mixture consisting of 50 mg of magnetite spheres, 10 mL of water 
and 70 mL of ethanol was ultrasonicated for 1 h and then injected into a 200 mL three-
necked round-bottom flask. Next, 3 mL of ammonia aqueous solution and 2.6 mL of TPOS 
were added, and the solution was mechanically stirred for 15 min followed by the addition 
of 0.3 g of resorcinol and 0.42 mL of formalin water solution. After stirring at room 
temperature for 24 h, the product was separated using a magnet and washed repeatedly 
with ethanol and water to remove non-magnetic by-products, and subsequently dried at 60 
C for 12 h. For the carbonization process, particles were heated under a N2 atmosphere to 
reach desired temperature (500, 700, and 900 C) at a heating rate of 3 C min-1, then 
maintained at this temperature for 6 h. To remove silica, the product was subsequently 
etched with 2 mol L-1 NaOH for 24 h at room temperature and successively washed with 
ethanol and deionized water three times. The obtained products prepared at different 
carbonization temperature were denoted as RMMHC-500, RMMHC-700, and RMMHC-900 
where the number represents the carbonization temperature. As a control sample, RMMHC-
TEOS was prepared using the same method except that TPOS was replaced by TEOS. For 
this sample, carbonization was carried out at 500 C. 
3.1.3 Synthesis of SHDMONs  
In a typical synthesis, TEA (68 mg) was dissolved in distilled water (25 ml) at 80 °C. After 
intensive stirring for 30 min, CTAB (380 mg) and NaSal (168 mg) (molar ratio of NaSal to 
CTAB was adjusted to 1) were added and the solution was kept stirring for 1 h. Then a 
mixture of TEOS (3.56 ml) and ODMS (0.17 ml) was added to the solution under intensive 
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stirring. Afterwards, extra ODMS was added to the solution in four additions (0.17 ml for 
each addition) every 30 min. The total molar ratio of ODMS to TEOS was adjusted to 0.125. 
After last addition of ODMS, the system was kept stirring for 4 h and the precipitates were 
collected by centrifugation and washed three times with ethanol to remove the residual 
reactants. The as-synthesized sample was dried in vacuum at 50 °C for 12 h and then was 
extracted three times at 70 °C for 6 h with a solution of hydrochloric acid in ethanol to remove 
the structure-directing agents. For comparison, other SHDMONs were prepared with a molar 
ratio of ODMS to TEOS was 0.25, 0.33, and 0.5, while keeping the total silica sources molar 
and all other synthesis parameters constant. The final products were denoted as 
SHDMONs-r, where r indicates the molar ratio of ODMS to TEOS. 
3.1.4 Synthesis of DMCNs 
After dissolving 68 mg of TEA in 25 ml of distilled water at 80 °C for 30 mins, 168 mg of 
NaSal and 380 mg of CTAB were added to the solution. After intensively stirring for 1 h, a 
mixture of 3.8 ml of TEOS and 0.38 ml of ODMS was added to the above solution all at once. 
Then, another 0.38 ml of ODMS was added to the above solution at every 30 min intervals 
for four times (the molar ratio of ODMS to TEOS was adjusted to 0.26). The system was 
kept under stirring for 4 h and the precipitates were collected by centrifugation, washed three 
times with ethanol to remove the residual reactants, and then were dried in vacuum at 50 °C 
for 12 h. The obtained as-synthesized sample was denoted as DMONs. DMONs were then 
subjected to an H2SO4-treatment approach before calcination under the nitrogen 
atmosphere. In a typical treatment process, 200 mg of DMONs were dispersed in 2 ml of 
ethanol under sonication and then re-dispersed in 4 ml of water. After the addition of 0.5 ml 
of sulfuric acid, the resultant solution was placed at room temperature for 2 h and was 
succeedingly transferred into oven at 100 °C for 5 h and then at 160 °C for 10 h (at a heating 
rate of 2 °C min-1), followed by treatment under N2 atmosphere at 700 °C (at a heating rate 
of 3 °C min-1) for 6 h. The obtained dendritic mesoporous silica-carbon nanoparticles were 
denoted as DMSCNs. DMCNs were prepared by subjecting DMCSNs to selective etching 
at the alkaline condition. In a typical procedure, 40 mg of DMCSNs were dispersed in 80 ml 
of sodium carbonate solution (80 ml) and stirred at 60°C for 4h. The final product was 
recovered by centrifugation at 10000 rpm for 10min and being washed with ethanol for three 
times. 
3.1.5 Synthesis of C18-MSN 
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In a typical synthesis, TEA (68 mg) was dissolved in distilled water (25 mL) at 80 °C under 
intensive stirring for 30 min. After addition of CTAB (380 mg) and sodium salicylate (the 
molar ratio of sodium salicylate to CTAB was adjusted in the range of 0 to 0.9), the resulting 
mixture was stirred for 1 h and then TEOS (3.8 ml) and ODMS (0.38 ml) were added. After 
further stirring at 80 °C for 2 h, the as-synthesized sample was collected by centrifugation, 
washed for three times with ethanol to remove the residual reactants and then dried in air. 
The as-synthesized samples were extracted at 60 °C for 6 h with a solution of hydrochloric 
acid in ethanol at room temperature to remove the template CTAB for three times. The final 
products were denoted as C18-MSN-, where  indicates the molar ratio of sodium 
salicylate to CTAB.  
3.1.6 Synthesis of MSN-0.5-Cal and MSN-0.5-C18-G  
In a typical procedure, as-synthesized C18-MSN-0.5 sample was calcined at 550 °C in air 
for 6 h (named as MSN-0.5-Cal). The calcined product (150 mg) was added to toluene (30 
mL) and the mixture was stirred for 6 h before adding ODMS (0.36 ml). After stirring at 
110 °C for 12 h, the product was centrifuged, washed with toluene and ethanol, and dried in 
a fume-hood at room temperature. The post-modified sample was denoted MSN-0.5-C18-
G. 
3.1.7 Synthesis of BDMONs 
In a typical synthesis, TEA (34 mg) was dissolved in distilled water (12.5 ml) at 80 °C. After 
intensive stirring for 30 min, CTAB (190 mg) and NaSal (42 mg) were added and the solution 
was kept stirring for 1 h. TEOS (1.34 ml) was added to the solution under stirring for 15 min, 
followed by the addition of BTEB (1.17 ml, molar ratio of BTEB to TEOS was 0.5). The 
reaction solution was kept stirring for 18 h. The precipitates were collected by centrifugation 
at 20000 rpm for 15 min and then washed three times with ethanol to remove the residual 
reactants. The as-synthesized samples were extracted at 70°C for 6 h in acidic ethanol (3 
mL of 37% HCl in 50 ml of absolute ethanol) for three times to remove the template CTAB. 
For comparison, other BDMONs were prepared with a molar ratio of BTEB to TEOS was 
0.67 or 1, while keeping the total silica sources molar and all other synthesis parameters 
constant. In another experiment, TEOS and BTEE with a molar ratio of 0.5 were added to 
the reaction solution at the same time. The final products were denoted as BDMONs-x-y, 
where x and y indicate the time gap between the addition of TEOS and BTEB and the molar 
ratio of BTEB to TEOS, respectively.    
3.1.8 Synthesis of BONs-SP  
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For the synthesis of small-pore BDMONs, the above procedure for preparation of BDMONs-
15-1 was followed except that NaSal was not used in the reaction system. 
3.1.9 Synthesis of EDMONs-15-1  
Ethane-bridged dendritic mesoporous organosilica nanoparticles (EDMONs) were 
synthesized following the procedure described above to prepare BDMONs-15-1 except that 
same molar amount of BTEE was used as organosilica precursor instead of BTEB and the 
amount of NaSal was increased to 84 mg.  
3.1.10 Synthesis of MSMs 
MSMs were prepared by the spray drying synthesis. Briefly, LUDOX® AS-40 colloidal silica 
(7.5 g) was dispersed in doubly distilled water (50 mL) by stirring for 15 min and then the 
suspension was sonicated for 60 min. After spray drying of the suspension using a Buchi 
mini spray dryer (B-290) at an inlet temperature of 220 °C, an aspirator rate of 100%, and a 
pump rate of 8 mL min-1, the product was collected and then calcined in air (550°C for 5 h). 
 
3.2 Surface functionalization 
3.2.1 Preparation of aldehyde-functionalized Nanoparticles  
In a typical experiment, particles (150 mg were vacuum dehydrated at 120°C for 6 h and 
then suspended in dry toluene (20 mL). The mixture was refluxed for 1 h at 110°C, followed 
by the addition trimethoxysilane aldehyde (1.05 mmol). The product was collected after 18 
h by centrifugation at 20000 rpm for 10 min and then washed with ethanol for three times. 
The final samples were dried in the hood at room temperature overnight. 
3.2.2 Preparation of alkyl chain-functionalized MSMs  
In a typical procedure, MSMs (150 mg, vacuum dehydrated at 120°C for 6 h) were added to 
toluene (20 mL) and the mixture was stirred for 15 min before adding organosilane 
(chlorotrimethylsilane, octyl trimethoxysilane, octadecyl trimethoxysilane; 0.7 mmol). After 
stirring at 110°C for 6 h, the product was centrifuged, washed with toluene and ethanol, and 
dried in a fume hood at room temperature. The final product was denoted as Cx-MSMs, 
where x represents the functional group of organosilane (x = 1, 8, and 18).  
 
3.3 Characterizations  
3.3.1 Electron microscopy  
(1) The scanning electron microscope (SEM) images were obtained using JEOL JSM 7800 
field-emission scanning electron microscope (FE-SEM) operated at 1 kV using gentle bean 
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mode. For SEM measurements, the samples were dissolved in ethanol or toluene and then 
dropped to the aluminium foil pieces and attached to conductive carbon film on SEM mounts. 
Next, the sample was dried in vacuum oven at 60 °C for 12 hours. 
 (2) Transmission electron microscopy (TEM) images were directly taken with a JEOL 1010 
microscope operated at 100 kV and a HT7700-EXALENS operated at 200 kV. The samples 
for TEM were dispersed in ethanol or toluene by sonication and then supported onto a holey 
carbon film on a copper grid. After evaporating the ethanol or toluene, the Cu grids were 
ready for TEM testing. 
3.3.2 Nitrogen sorption  
Nitrogen adsorption/desorption isotherms were measured at 77 K on a nitrogen adsorption 
device (Micromeritics Tristar II 3020 system). Before the measurements, about 50 mg of 
each sample was weighted and degassed in vacuum. After degassing, the samples were 
weighed again to get the accurate weight and then transferred to the Tristar system for 
testing. The pore size distribution curves were derived from the adsorption branch of the 
isotherm using the Barrett–Joyner–Halanda (BJH) method. The Brunauer–Emmett–Teller 
(BET) method were utilized to calculate the specific surface areas.  
3.3.3 Attenuated total reflectance (ATR)-Fourier transform infrared (FTIR) 
spectroscopy 
FTIR is a technique to use infrared spectroscopy to analyze the absorption or emission of 
samples in solid, liquid or gas condition. An FTIR spectrometer collects data in a wide 
spectral range with high resolution. In this Ph.D. project, the ATR-FTIR was utilized to 
investigate the surface chemistry of particles and also to verify the immobilization of lipase 
on particles. The samples were placed on the stage and pressed by the crystal point to 
obtain the good contact. The ATR-FTIR spectra were collected with ThermoNicolet Nexus 
6700 FTIR spectrometer equipped with Diamond ATR (attenuated total reflection) Crystal. 
The platform and diamond were cleaned with ethanol before placing each sample. For each 
spectrum, 128 scans were collected at a resolution of 4 cm-1 over the range 400–4000cm-1.  
3.3.4 X-ray photoelectron spectroscopy  
X-ray photoelectron spectroscopy (XPS) is a surface chemistry quantitative technique that 
characterizes the elemental composition, chemical state and electronic state of materials. 
In this Ph.D. project, the contents of Carbon (C), Nitrogen (N), Oxygen (O) and Silicon (Si) 
on the external surface of silica materials were investigated. The XPS survey was performed 
with a Kratos Axis Ultra X-ray photoelectron spectrometer (Perkin-Elmer). All spectra were 
Chapter 3 Methodology 
47 
 
acquired at a basic pressure of 2 × 10−7 Torr with Mg Kα excitation at 15 kV. All the results 
were analyzed using the CasaXPS software and corrected by referencing the C 1s peak at 
284.8 eV. 
3.3.5 Elemental analysis 
Elemental analysis (EA) is a quantitative method to determine the mass fraction of carbon, 
hydrogen, nitrogen, and heteroatoms of a sample. In this Ph.D. project, the contents of 
Carbon (C), Nitrogen (N), Oxygen (O) and Silicon (Si) of silica materials were determined 
by a CHNS-O Analyzer (Flash EA1112 Series, Thermo Electron Corporation). 
3.3.6 Contact angle test 
The contact angle test is a surface chemistry technique which quantifies the wettability of a 
solid surface by a liquid via the Young equation. The contact angle is measured by a contact 
angle goniometer using an optical subsystem to capture the profile of a pure liquid on a solid 
substrate. The angle formed between the liquid-solid interfaces is the contact angle. 
Generally, if the water contact angle is smaller than 90°, the solid surface is considered 
hydrophilic and if the water contact angle is larger than 90°, the solid surface is considered 
hydrophobic. Here, the contact angles of water droplets on the silica samples were 
measured using DataPhysics-OCA20 contact angle meter. 
3.3.7 Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance spectroscopy, most commonly known as NMR spectroscopy, 
is a research technique that exploits the magnetic properties of certain atomic nuclei. This 
type of spectroscopy determines the physical and chemical properties of atoms or the 
molecules in which they are contained. It relies on the phenomenon of nuclear magnetic 
resonance and can provide detailed information about the structure, dynamics, reaction 
state, and chemical environment of molecules. In this Ph.D. project, 29Si high power 
decoupling (HPDEC) magic-angle spinning (MAS) and 13C cross polarization NMR spectra 
were recorded on a Bruker Avance III spectrometer with a 7T magnet, Zirconia rotor, 4 mm, 
rotated at 5 kHz to characterize the chemical composition of samples. 
3.3.8 Electron tomography 
Electron tomography (ET), an advancement on the TEM technique, is used to visualize and 
analyze three-dimensional (3D) structural and chemical information of material at the 
nanometer level by reconstructing the 3D structure of objects from a series of 2D projected 
images.3 Briefly, this technique involves two steps in obtaining the images. The first step is 
the acquisition of multiple 2D projections to reveal quantitative 3D information by tilting the 
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sample. The second step is reconstructing the 3D structure of materials by back-projection 
techniques.  
   The sample for ET analysis was prepared using a similar method to the sample 
preparation for TEM analysis except that different grids were used. Large-mesh grids or 
parallel-bar grids were usually used in ET to avoid blocking the electron beam by the grid 
bars. The powder sample was dispersed in ethanol by ultrasonication, then a droplet of the 
suspension was applied to the grids and air dried. Later, the colloidal gold nanoparticles 
sized 5-15 nm was deposited onto the grid to act as markers and be utilized for the alignment 
of the tilt series. The selected size of the gold nanoparticles is dependent on the 
magnification used. A low concentration sample is required to prevent shadowing by 
surrounding objects at a high tilt angle. 
   The next step was the acquisition of tomographic data by tilting the samples from a high-
tilting angle to another high-tilting angle at equal angular increments. The quality of 
tomographic reconstruction is dependent upon the tilt range and tilt increment.4 Therefore, 
a large tilt range and small tilt increment will lead a good quality of reconstructed tomogram. 
The sample specimen is usually tilted from -70º to +70º at 1º increments and 141 projections 
are recorded on a 2048  2048 pixel CCD camera.4 The following steps involve the 
alignment and reconstruction of ET data, which can be done by some commercially available 
software packages including IMOD, TOM software toolbox, EMMenu (TVIPS GmbH, 
Gauting, Germany), Inspect3D (FEI Company, Eindhoven, The Netherlands), TEMography 
(JEOL Ltd., Tokyo, Japan), and Digital Micrograph 3D ET (Gatan Inc., Pleasanton, CA). 
   In this thesis, the detailed structures of samples were examined using an Electron 
Tomography techniques using FEI Tecnai F30 transmission electron microscope operating 
at 300 kV. The electron tomogram specimens were prepared by dispersing the samples in 
ethanol followed by ultrasonication and then depositing the suspension directly onto copper 
grids (2000 × 1000 slot, Proscitech) with Formvar supporting films. Colloidal gold particles 
(10 nm) were deposited on both surfaces of the grid as fiducial markers for the subsequent 
image alignment procedures. The tomographic tilt series was carried out by tilting the 
specimen inside the microscope around a double axis from +70° to -70° at an increment of 
1° under the electron beam. Alignment and 3D reconstructions of MCHS were carried out 
on IMOD software. 
 
3.3.9 X-ray diffraction 
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X-ray diffraction (XRD) patterns were collected using a German Bruker D8 X-ray 
Diffractometer with Ni-filtered Cu Kα radiation (λ = 0.15406 nm). For XRD analysis, a 0.26 
degree divergence slit and a 5.0 mm anti-scatter slit were used. The measurements were 
conducted using 15 rpm rotation in the 2 theta range of 10-90 degrees. The step size was 
0.02 degree and the scan speed was 1.2 second per step with a total scan time of 80 min. 
3.3.10 Raman spectroscopy 
Raman spectra were obtained by Renishaw in Via Raman microscope using an Argon ion 
laser at 514 nm. 
3.3.11 Thermo gravimetric analysis 
Thermo gravimetric analysis (TGA) was carried out on a METTLER TOLEDO TGA/DSC1 
STARe System under air flow (25-1000 C, 5 C min-1). 
3.3.12 Vibration Sample Magnetometer 
Magnetization measurement was performed on a Quantum Design Physical Property 
Measurement System (PPMS) using the Vibration Sample Magnetometer (VSM) option. 
 
3.4 Adsorption studies  
The amount of PAHs adsorbed per unit weight of adsorbent (mg g-1) (Qe) was calculated 
based on the difference in PAHs concentration in an aqueous solution before and after 
adsorption using the following equation: 
 𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)𝑉
𝑊
 (3) 
   where Ci (mg L-1) and Ce (mg L-1) are the initial and equilibrium concentrations of PAHs, 
respectively, V (L) is the volume of the aqueous solution and W (g) is the weight of the 
adsorbents. 
   The adsorption kinetic experiments were carried out to estimate the adsorption equilibrium 
time. In a typical experiment, 2 mg of adsorbent was suspended in 10 ml of adsorption media 
and then shaken at 200 rpm and room temperature. At each time point, 0.1 ml of the solution 
was taken out and the residual concentration of anthracene was measured as previously 
described. 
 
3.5 Enzymatic assays 
3.5.1 Loading assay 
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The Bradford protein assay, a colorimetric protein assay developed by Marion M. Bradford 
in 1976, is a quick and accurate spectroscopic analytical procedure used to measure the 
concentration of protein in a solution.5 It is subjective, i.e., dependent on the amino acid 
composition of the measured protein. In this project, the amount of lipase loaded on particles 
was determined by the Bradford method using lipase as the standard. Briefly, after shaking 
the solution containing lipase and particles, the suspension was centrifuged at 10000 rpm 
for 5 min at room temperature and washed three times with 100 mM sodium phosphate, pH 
7.4. The amount of the loaded lipase was calculated by subtracting the amount of lipase in 
supernatant and washings from the initial lipase content. 
3.5.2 Activity assay 
The hydrolytic activities of the free or immobilized lipases were determined by the hydrolysis 
of 4-nitrophenyl palmitate (pNPP) in an aqueous buffer (100 mM sodium phosphate, pH 7.4) 
at 40 °C.6 In a typical experiment, the substrate solution was added to the immobilized 
lipases and shaken at 40 °C on a reciprocal shaker at 110 rpm. After 15 min, the solution 
was centrifuged at 10000 rpm for 5 min and the supernatant was removed to measure the 
liberation amount of hydrolysis product, p-nitrophenol (pNP), by using a spectrophotometry 
method (UV-2450, Shimadzu Company) at 410 nm. A blank experiment without adding 
enzyme was carried out following the same procedure. For the free lipase, the same amount 
of lipase was mixed with the substrate solution under the assay conditions. One unit of lipase 
activity was defined as the amount of enzyme which liberates 1 mmol of pNP per minute 
under the assay conditions. The relative activity was defined as the ratio of specific activity 
of immobilized lipase to the specific activity of free lipase.  
3.5.3 Batch production of biodiesel 
Free and immobilized lipases were used for biodiesel production by transesterification of 
corn oil with methanol. The reactions were conducted at 40 °C on a shaking incubator at 
120 rpm. A typical reaction mixture consisted of corn oil (3 ml), 1.5 ml of distilled water, a 
weighed amount of the biocatalysis (containing 5 mg of lipase) or free lipase (5 mg), and a 
two-step addition of methanol with 250 μl of methanol in each step.6 After 24 h, the residual 
methanol in the reaction mixture was removed with the help of a rotary evaporator at 70 °C 
for 2 h, and then glycerol was separated from the reaction mixture by centrifugation at 10000 
rpm for 10 min. The conversion of corn oil to methyl esters was measured by DGU-20A3 
high-performance liquid chromatography (HPLC) (Shimadzu, Tokyo, Japan) equipment with 
an auto-injector and ultraviolet detector of 210 nm. The column was Restek Viva C18 set at 
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the isothermal oven temperature of 54 °C. The mobile phase was 100% Acetonitrile and 
0.05% of TFA with a flow of 0.15 mL min-1. Biodiesel yield was calculated by summing the 
areas of methyl esters present in the reaction mixture and on the basis of calibration curves 
built up with standards FAME. 
3.5.4 Continuous production of biodiesel 
An integrated enzymatic biodiesel production system involving continuous stirred tank 
reactor (CSTR) and packed bed reactor (PBR) was applied for lipase-catalyzed biodiesel 
production.7 Lipase/C18-MSMs were mixed well with glass beads (diameter 4 mm) and then 
filled in the columns. The amount of immobilized enzyme was corn oil (0.6 g) and methanol 
(1:1 molar ratio) were mixed and allowed to react in a batch reactor at the presence of a 
limited amount of enzyme (1% w/v of oil). After 4 h, the substrate mixture was fed into three 
PBRs (inner diameter 2.5 cm, height 10 cm, volume 49 mL) connected in series with a flow 
rate of 0.32 mL min-1. The reaction temperature was maintained at 37 °C by placing the 
whole system inside an incubator. The residence time at a flow rate of 0.32 mL min-1 was 
calculated to be 34 min. The product was collected and then the residual methanol in the 
reaction mixture was removed with the help of a rotary evaporator at 70 °C for 2 h. Glycerol 
was separated from the reaction mixture by centrifugation at 10000 rpm for 10 min. High-
performance liquid chromatography equipment (HPLC) (DGU-20A3, Shimadzu, Tokyo, 
Japan) with an auto-injector and ultraviolet detector of 210 nm was used to measure the 
conversion of corn oil to methyl esters. The column was Restek Viva C18 set at an 
isothermal oven temperature of 54 °C. The mobile phase was 100% acetonitrile and 0.05% 
of TFA with a flow of 0.15 mL min-1. Biodiesel yield was calculated by summing the areas of 
methyl esters present in the reaction mixture and on the basis of calibration curves built up 
with standards fatty acid methyl esters. 
 
3.6 References 
1. C. Cheng, Y. Wen, X. Xu and H. Gu, J. Mater. Chem., 2009, 19, 8782-8788. 
2. H. Zhang, O. Noonan, X. Huang, Y. Yang, C. Xu, L. Zhou and C. Yu, ACS Nano, 2016, 10, 
4579-4586. 
3. P. A. Midgley, E. P. W. Ward, A. B. Hungria and J. M. Thomas, Chem. Soc. Rev., 2007, 36, 
1477-1494. 
4. H. Friedrich, P. E. de Jongh, A. J. Verkleij and K. P. de Jong, Chem. Rev., 2009, 109, 1613-
1629. 
Chapter 3 Methodology 
52 
 
5. M. M. Bradford, Anal. Biochem., 1976, 72, 248-254. 
6. X. Wang, P. Dou, P. Zhao, C. Zhao, Y. Ding and P. Xu, ChemSusChem, 2009, 2, 947-950. 
7. S. Chattopadhyay and R. Sen, Bioresour. Technol. , 2013, 147, 395-400. 
 
 
Chapter 4 Rattle-type magnetic mesoporous hollow carbon as a high-performance and 
reusable adsorbent for water treatment 
 
53 
 
Chapter 4  
       Rattle-type magnetic mesoporous 
hollow carbon as a high-performance and 
reusable adsorbent for water treatment  
 
 
 
 
 
 
 
 
 
 
 
Rattle-type magnetic mesoporous hollow carbon (RMMHC) materials have shown great 
promise as adsorbents for water treatment. This chapter reports the successful synthesis of 
RMMHC nanoparticles through a surfactant-free approach followed by carbonization and 
selective silica etching. The textural properties of RMMHC nanoparticles can be tuned by 
varying the carbonization temperature (500, 700 and 900 °C). At the optimized temperature 
of 700 °C, the RMMHC NPs possess the highest specific surface area of 579 m2 g-1, the 
largest pore volume of 0.795 cm3 g-1, and the largest pore size of 7.6 nm among all three 
samples. The adsorption capacity of optimized RMMHC nanoparticles towards di (2-
ethylhexyl) phthalate reaches as high as 783.1 mg g-1. Taking advantage of the magnetic 
property, the adsorbents retain more than 87% of their initial adsorption capacity over five 
times' reuse.This work has been published by Chemosphere, 2017, 166, 109-117. 
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4.1 Introduction 
Water pollution is a challenging issue gathering global attention.1 One major class of water 
contaminants is organic compounds, such as phthalates, posing serious health risks to 
mankind.2 Di-(2-ethylhexyl) phthalate (DEHP) is a widely used chemical in plastic 
production.3, 4 Prolonged exposure to DEHP can lead to a range of adverse effects on the 
liver, lungs, kidneys and the reproductive system, mainly in males.5-8  Due to the persistent 
nature of DEHP, conventional treatment methods such as biological degradation, 
membrane filtration and photo-catalytic degradation are not feasible to remove DEHP from 
water.9 Adsorption approach has been proved as a simple, effective and time-saving 
technology for the removal of DEHP.9, 10 Several studies revealed the potential of porous 
carbon materials with the pore sizes similar to the size of DEHP molecule for the removal of 
DEHP.11, 12 While adsorption capacities reached as high as 364 mg g-1, reusability remained 
a concern.11, 12 Thus, developing an effective adsorbent with improved adsorption capacity 
and recyclability is in urgent need. 
   Mesoporous hollow carbon (MHC) materials have attracted increasing attention in diverse 
applications, such as catalysis,13 adsorption,14 and  energy storage.15 Their wide-spread use 
results from the unique properties of MHCs including adjustable nanostructures, high 
specific surface area and large pore volume, chemical and thermal stability, electrical 
conductivity, and intrinsic hydrophobicity.16 In addition, the interior cavity of MHCs could 
serve as reservoirs and enhance guest molecule loading and the mesoporous carbon shell 
endows the easy diffusion of guest molecules.17, 18 Benefiting from these unique features, 
Guo et al reported that MHC with a pore size of 3.4 nm showed an adsorption capacity of 
304 mg g-1 towards bilirubin.19 Chen et al. also demonstrated that the adsorption capacity of 
MHCs towards phenol can reach 207.8 mg g-1.20 In a recent breakthrough, Noonan and co-
workers attributed the ultra-high adsorption capacity of 5084 mg g-1 of DEHP to large 
mesopore size (8 nm) and total pore volume (4.88 cm3 g-1).21 Despite of these achievements, 
separation of MHC from the treated solution involves disadvantageous procedures such as 
filtration and centrifugation, which restricted their application as adsorbents for water 
treatment. Both centrifugation and filtration methods cause a loss of time. The blockage of 
filters and the loss of adsorbents may occur in the filtration method. The centrifugation 
method requires very high speeds and energy. The use of magnetic separation method 
offers an alternative way to solve these problems.22-25 
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   To tackle the separation issue, rattle-type magnetic mesoporous hollow carbon (RMMHC) 
materials have entered into sight as advanced adsorbents for water treatment.26-32 The 
magnetic property of RMMHC materials facilitates their separation and recovery from 
complex systems under an external magnetic field, which is promising for adsorbent 
regeneration and safe disposal of the waste.33, 34 In a pioneering work, Zhang et al. utilized 
a hard-templating approach to prepare RMMHCs, which involves encapsulation of phenol-
formaldehyde resin in the mesopores of preformed hard template of Fe3O4@SiO2@meso-
SiO2, followed by carbonization and silica removal.35 The preparation process is tedious and 
time-consuming. Later, Wan and co-workers reported an in situ strategy to fabricate 
RMMHC with a pore size of 3.46 nm, a relatively small pore volume of 0.31 cm3 g-1 and low 
adsorption capacity (191.64 mg g-1 towards a model pollutant of Rhodamine B), in which 
octadecyltrimethoxysilane was used as both structure-directing agents and carbon 
precursors in the presence of magnetic microspheres.29 Lately, Liu et al. developed a one-
pot, surfactant-free approach to fabricate RMMHC with a pore size of 4.5 nm through the 
co-condensation of tetraethyl orthosilicate (TEOS) and resorcinol-formaldehyde resin 
(RF).27 However, the lack of open mesopores and low mesopore volume (< 0.3 cm3/g) 
restricted the adsorption capacity of RMMHCs to only 77 mg g-1 to adsorb pyrene. Beside 
the low adsorption capacity, the slow diffusion rate of pollutants is another concern of current 
adsorbents with relatively small pore sizes.36 To date, it is still a challenge to develop a facile 
approach to prepare RMMHC with large pore sizes (˃ 4.5 nm) and high pore volume for fast 
and enhanced adsorption performance of organic pollutants in water. 
   In the present work, we report a facile and surfactant-free approach to synthesize RMMHC 
nanoparticles (NPs) using tetrapropyl orthosilicate (TPOS), resorcinol and formaldehyde 
(RF) as precursors in the presence of magnetic particles.37 The typical procedure is 
schematically illustrated in Figure 4.1. In step I, silica primary nanoparticles are formed 
owing to the relatively faster polymerization and condensation rate of silica precursors 
compared to RF precursors, then coat on the surface of magnetite NPs forming 
magnetite@SiO2 core-shell structures.37, 38 When RF starts to polymerize, there are still a 
large amount of silica primary nanoparticles that co-condense with RF oligomers onto 
magnetite@SiO2, forming magnetite@SiO2@SiO2/RF core-shell-shell structures (step II). 
The silica primary nanoparticles and their aggregates in the composite SiO2/RF shell 
contribute to the formation of large mesopores.37, 38 After carbonization under an optimized 
temperature of 700 C (step III) and selective removal of SiO2 component (step IV), RMMHC 
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NPs are obtained with a particle size of 945 nm, a large pore size of 7.6 nm and high 
mesopore volume of 0.53 cm3 g-1. The novel RMMHC NPs show a high DEHP adsorption 
capacity of 783.1 mg g-1. Moreover, RMMHC NPs can be reused, retaining 87% of the initial 
adsorption capacity after 5 cycles. 
 
Figure 4.1 Schematic illustration of the preparation of RMMHC.  
 
4.2 Results and discussion 
To explore carbonization temperature influence on the structure and composition of RMMHC, 
RMMHC-500, RMMHC-700 and RMMHC-900 were synthesized under carbonization 
temperature of 500, 700 and 900 C, respectively. The morphologies and structures of 
synthesized particles were first examined by SEM and TEM. As shown in Figure 4.2a and 
b, the magnetite particles are uniform with an average size of about 380 nm. The high 
magnification TEM image demonstrates that each magnetite particle is composed of 
magnetite nanocrystals (Figure 4.2c).39 In the cases of RMMHC carbonized at 500 (Figure 
4.2d), 700 (Figure 4.2g) and 900 C (Figure 4.2j), a rattle-type structure can be clearly 
distinguished in each nanoparticles (NPs) under SEM observation with a high accelerating 
voltage of 15 kV due to increased penetration capability of the electrons in SEM.40 It is found 
that the overall void size and core particle size are similar for RMMHC-500 and RMMHC-
700, but for RMMHC-900 the void size decreases while the core particle size increases. 
TEM images of the RMMHC-500 (Figure 4.2e), RMMHC-700 (Figure 4.2h) and RMMHC-
900 (Figure 4.2k) all exhibit discrete rattle-type NPs. Mesopore channels can be seen in the 
shells at higher magnifications (Figure 4.S1). The average particle size and shell 
thicknesses of RMMHC-500, RMMHC-700 and RMMHC-900 are 970 & 109, 945 & 115 and 
930 & 121 nm, respectively (Table 4.S1). There is a small decrease in particle size and slight 
increase in shell thickness with increasing carbonization temperature, consequently the 
overall void size judged from TEM images is reduced (Figure 4.2e, h and k), consistent with 
SEM observations. The decrease in particle size is attributed to the shrinkage of carbon and 
silicate frameworks during high temperature heating process.41, 42 As the silica framework is 
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highly condensed and the carbon framework is already formed above 700 °C, the particle 
size reduction is lower by increasing the carbonization temperature from 700 to 900 °C.42, 43   
The abnormal decrease in void size and increase in shell thickness has not been reported 
before, indicating more reactions occur than carbon framework shrinkage otherwise a 
reduction in the shell thickness would be expected.  
 
Figure 4.2 SEM (a, d, g and j) and TEM (b-l) images of magnetite (a-c), RMMHC-500 (d 
and e), re-calcined RMMHC-500 (f), RMMHC-700 (g and h), re-calcined RMMHC-700 (i), 
RMMHC-900 (j and k), and re-calcined RMMHC-900 (l). 
   To understand the effect of carbonization temperature on the structure change, XRD and 
Raman spectroscopic analyses were carried out. As shown in Figure 4.3a, the characteristic 
peaks labelled with solid circles in the sample of magnetite particles can be assigned to the 
pure phase of Fe3O4 phase (JCPDS 19-629).44 The XRD pattern of RMMHC-500 is similar 
to that of the magnetite particles, indicating a Fe3O4 phase core and amorphous carbon shell. 
With the increase of carbonization temperature to 700 °C, the intensity of diffraction peaks 
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for magnetite weakens slightly. Moreover, extra diffraction peaks labelled with solid stars 
emerge, which can be assigned to fayalite (Fe2SiO4).32, 45 The sharp peak appearing at 
around 25 degree labelled with solid square reveals the graphitized carbon structure of the 
shell, which is overlapped by the characteristic [111] peak of fayalite.32 When the 
carbonization temperature further increases to 900 °C, the diffraction peaks for magnetite 
disappear while the intensity of those for fayalite and graphitized carbon increase. The 
above observations can be ascribed to partial reduction of magnetite cores to ferrous oxide 
(FeO) by the carbon monoxide produced by the decomposition of RF component at high 
temperature (700 and 900 °C) and subsequent FeO reaction with the silica shell to form 
Fe2SiO4.29, 32 
 
Figure 4.3 (a) XRD patterns of magnetite, RMMHC-500, RMMHC-700, and RMMHC-900 
and (b) Raman spectra of RMMHC-500, RMMHC-700, and RMMHC-900. 
   To correlate the structure change with the void size change, samples were calcined in air 
(650 °C for 6 h) to remove the carbon component. TEM image (Figure 4.2f) shows that the 
core particles in RMMHC-500 after calcination exhibit similar morphology to that of 
magnetite NPs with a similar size of 400 nm. For calcined RMMHC-700, the change in 
morphology is not obvious (Figure 4.2i). For calcined RMMHC-900, the structure of core 
particles is significantly different with increased overall size (430 nm). In some cases the 
core particle is less dense (indicated by star) and in other cases a clear core-shell structure 
is observed (indicated by a black arrow) where the shell is non-porous and contains 21 wt% 
silicon as evidenced by XPS analysis (data not shown). Combining the above observations 
together, it is proposed that the dense shell in Figure 4.2l is consisted of fayalite created 
during the high temperature carbonization process. The increased mass percentage of non-
porous fayalite is responsible for the dramatically decreased total pore volume and specific 
surface area in RMMHC-900.  
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   Raman spectra of RMMHC-500, RMMHC-700, and RMMHC-900 show two typical peaks 
centered at 1320 cm-1 and 1580 cm-1, which are attributed to D-band of amorphous carbon 
and G-band of graphitic carbon, respectively (Figure 4.3b).32 The intensity ratio of G band 
to D band of RMMHC NPs increases from 1.19 to 1.51 and 2.78 with increasing 
carbonization temperature from 500 to 700 and 900 °C, indicating increased graphitization 
degree of carbon shell of RMMHC.46 This occurrence is attributed to the fact that Fe species 
can catalyze the graphitization of carbon, which starts at temperatures as low as 700 °C and 
amplifies with the temperature increment.47 In the case of RMMHC-500, due to the “sealing 
effect” of the silica layer and low carbonization temperature, the magnetite core and carbon 
shell are well separated and the graphitization degree is limited during the carbonization 
process.  
Elemental analysis (EA) and TGA were performed to determine the chemical composition 
of RMMHC. The gradual reduction of carbon content is detected by EA analysis from 33 wt% 
to 21 wt% and 16 wt% along with the increase in carbonization temperature from 500 to 700 
and 900 °C, in accordance with the formation of fayalite which increased the weight of non-
carbon based composition (Table 4.S1). In TGA curves (Figure 4.4), the weight loss 
observed below 200 °C is mainly attributed to the loss of residual moisture.37, 39 The 
significant weight loss occurred at the temperature range from 200   to 600 °C is 
corresponded to the combustion of carbon.35 The sum of lost weight of RMMHC-500, 
RMMHC-700 and RMMHC-900 is calculated to be 54.1, 48.8, and 35.1 wt%, respectively. 
The decrease in the weight loss is consistent with the increased component of fayalite with 
increasing carbonization temperature observed in XRD and EA analysis. 
 
Figure 4.4 TGA curves of RMMHC-500, RMMHC-700 and RMMHC-900. 
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   Nitrogen adsorption analysis was conducted to study the carbonization temperature 
influence on the pore structure of RMMHC. All RMMHC NPs show a typical type IV isotherm 
(Figure 4.5a and Table 4.1). The BJH pore size distribution curves obtained from the 
adsorption branches indicate a pore size of 6.1, 7.6 and 5.1 nm for RMMHC-500, RMMHC-
700 and RMMHC-900, respectively (Figure 4.5b). Compared to the previous reports,26-31, 35, 
48-50 by using TPOS instead of TEOS as the silica precursor, the pore size can be tuned to 
7.6 nm, which is larger than that in reported RMMHC. The BET specific surface area and 
total pore volume of RMMHC-700 (579 m2 g-1 and 0.795 cm3 g-1) are higher than those of 
RMMHC-500 (359 m2 g-1 and 0.413 cm3 g-1) and RMMHC-900 (413 m2 g-1 and 0.467 cm3 g-
1) (Table 4.1). It is suggested that at a carbonization temperature of 900 °C, the formation 
of fayalite could occur practically in the SiO2/RF shell, leading to slightly decreased pore 
size and increased layer thickness. 
 
Figure 4.5 N2 sorption isotherms and pore size distribution curves of RMMHC-500, 
RMMHC-700 and RMMHC-900. 
Table 4.1 Textural properties and adsorption performances of RMMHC. 
Sample RMMHC-500 RMMHC-700 RMMHC-900 RMMHC-TEOS 
Pore size (nm) 6.1 7.6 5.1 ˂1 
BET specific surface area (m2 g−1) 359 579 413 59 
Total pore volume (cm3 g−1) 0.41 0.80 0.47 0.11 
Mesopore volume (cm3 g−1) 0.25 0.53 0.30 0.04 
Q (mg g-1) 366.8 783.1 457.1 107.3 
   To gain information on the surface chemistry of RMMHC, XPS analysis was conducted 
(Figure 4.S2 and Table 4.S1). The absence of silica signal in XPS analysis (Figure 4.S2) 
indicates the complete removal of silica. As carbonization temperature increases from 500 
to 700 °C, the oxygen content decreases from 15.2 wt% to 9.5 wt%, respectively. The higher 
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oxygen content of RMMHC-500 compared to RMMHC-700 indicates imperfect 
carbonization, resulting in a higher degree of carbon shell deformation after silica removal 
and consequently reduced pore size, specific surface area and total pore volume (Table 
4.1).51 
   The magnetic saturation values of magnetite particles, RMMHC-500 and RMMHC-700 
were measured by vibration sample magnetometer (VSM), which is 72.9, 14.9, and 7.8 emu 
g-1, respectively (Figure 4.6 and S3). In the case of RMMHC-900, magnetic property cannot 
be detected due to the composition change from magnetite to fayalite. RMMHC-500 and 
RMMHC-700 particles display lower magnetization strength compared to the pure magnetic 
particles due to the shielding effect of the thick carbon shell, as well as the relatively lower 
mass ratio of magnetite.52 The magnetic saturation value of RMMHC-700 particles is lower 
compared to RMMHC-500 particles because part of magnetite is converted to fayalite 
(Figure 4.3a). The magnetic reparability of RMMHC-700 particle was demonstrated in water 
by placing a magnet near the glass bottle. The suspended particles (Figure 4.6, left inset) 
were easily collected by an external magnetic field within 15 s (Figure 4.6, right inset), which 
is of significance for the following adsorption studies. 
 
Figure 4.6 Room temperature magnetization curves of RMMHC-500, RMMHC-700 and 
RMMHC-900. Insets: RMMHC-700 suspended in water (left) and separated from the 
solution under an external magnetic field (right). 
   RMMHC with microporous carbon shells was prepared using TEOS as the silica source 
instead of TPOS while keeping the other synthesis parameters same as a control sample 
(denoted as RMMHC-TEOS). SEM image clearly shows a rattle-type structure in RMMHC-
TEOS (Figure 4.S4a). From TEM images presented in Figure 4.S4 b and c, it can be seen 
that RMMHC-TEOS possesses a discrete rattle-type structure with an average size of 680 
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nm and a thin shell thickness of only 15 nm (Table 4.1). RMMHC-TEOS NPs own a thin 
carbon shell, attributed to the significant difference in polymerization and condensation rate 
of TEOS and RF. In the case of TEOS, due to the faster polymerization and condensation 
rate of TEOS compared to TPOS, most formed silica primary particles assembled on the 
surface of magnetite particles, forming magnetite@SiO2 core/shell structures (Figure 4.S5). 
When polymerization and condensation of RF start, there is little silica primary particles to 
interact, resulting in magnetite@SiO2@RF core-shell-shell structures and subsequently 
microporous carbon shell. The nitrogen sorption study shows a type IV adsorption isotherm 
and the corresponding pore size distribution curve demonstrates micropores with a low 
mesopore volume, which agrees with previous reports (Figure 4.S6).27, 29, 32 The calculated 
mesopore volume of RMMHC-TEOS (0.04 cm3 g-1) is negligible compared with RMMHC 
NPs originated from TPOS (0.25, 0.53 and 0.30 cm3 g-1 for RMMHC-500, RMMHC-700 and 
RMMHC-900, respectively). The BET specific surface area and total pore volume of 
RMMHC-TEOS is 59 m2 g-1 and 0.107 cm3 g-1, respectively (Table 4.1). 
   The adsorption performance of the RMMHC was evaluated by isotherm, kinetic and 
reusability studies using DEHP as a model pollutant in water. Monitoring the pH of aqueous 
solutions during the adsorption process of different DEHP concentrations shows no 
considerable change of pH values (in the range of 5.7-6.2). Figure 4.7a displays the isotherm 
adsorption curves of RMMHCs towards DEHP. RMMHC-700 presents the largest adsorption 
capacity of 798 mg g-1, mainly attributed to the high mesopore volume of the accessible 
large mesopores. The adsorption capacities decrease in the order of RMMHC-700 (798 mg 
g-1), RMMHC-900 (435 mg g-1), RMMHC-500 (358 mg g-1), and RMMHC-TEOS (105 mg g-
1), indicating the direct relationship between mesopore surface area and adsorption capacity. 
Compared to RMMHC-500, RMMHC-700 and RMMHC-900, RMMHC-TEOS has a 
dramatically lower adsorption capacity due to relatively dense structure and extremely 
limited mesopore surface area and volume.  
   Langmuir and Freundlich models were applied to fit the adsorption equilibrium data of 
DEHP. The Langmuir model assumes a homogeneous adsorption surface with all the 
adsorption sites having equal adsorbate affinity, which is expressed by Equation 1: 
                                                               
𝐶𝑒
𝑄𝑒
=
1
𝑏𝑄𝑚𝑎𝑥
+
𝐶𝑒
𝑄𝑚𝑎𝑥
      (1) 
   where Ce, Qe, b, and Qmax refer to the equilibrium concentration of DEHP (mg L-1), the 
amount of DEHP adsorbed per unit weight of adsorbent (mg g-1), the Langmuir adsorption 
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constant related to the free energy of adsorption (L mg-1), and the maximum adsorption 
capacity (mg g-1), respectively. The Freundlich model assumes a heterogeneous adsorption. 
The logarithmic straight line equation of this model is shown in Equation 2:  
                                                              log 𝑄𝑒 = log 𝑘 +
1
𝑛
log 𝐶𝑒     (2) 
   where k and 1/n refer to the Freundlich constant indicative of the relative adsorption 
capacity of the adsorbent (mg g-1) and the adsorption intensity (range between 0 and 1), 
respectively. A 1/n value close to zero indicates adsorption following the Freundlich model, 
while a value of 1/n below one specifies adsorption following the Langmuir model. The value 
of 1/n being above one indicates cooperative adsorption.12 The experimental results can be 
well fitted to the Langmuir adsorption model (Figure 4.7b) rather than the Freundlich model 
(Figure 4.7c). The corresponding adsorption isotherm parameters of the two models are 
summarized in Table 4.S1. The correlation coefficients (R2) of all RMMHC for the Langmuir 
model are better than those for the Freundlich model. Moreover, all samples exhibit the 1/n 
values in the range of 0.235-0.578. Collectively, the Langmuir model is a better fit for the 
adsorption isotherms, in line with previous reports.12, 21  
 
Figure 4.7 (a) Adsorption isotherms, (b) Langmuir fitting and (c) Freundlich fitting for DEHP 
adsorption on RMMHC. The solid lines represent Langmuir fit in (b) and Freundlich fit in (c) 
but in (a) they are solid lines through the data points. 
   As presented in Figure 4.8a, with an initial DEHP concentration of 0.1 mg mL-1, the 
equilibrium adsorption capacity is achieved in around 6 h for RMMHC-500, RMMHC-700, 
and RMMHC-900. The observations suggest a two-step mechanism for DEHP adsorption 
onto RMMHC. The quick uptake step (< 30 min) corresponds to the adsorption of 
hydrophobic DEHP molecules onto carbon pore walls due to strong hydrophobic interaction. 
Afterwards, the relatively slow uptake is attributed to the multilayer adsorption. In the case 
of RMMHC-TEOS, the saturated adsorption occurs much faster (approximately 30 min), 
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suggesting that most of the DEHP molecules are adsorbed on the external surface of the 
carbon shell. More than 85% of the equilibrium adsorption capacity can be achieved within 
3 h for all RMMHC, suggesting relatively fast adsorption kinetics and high affinity towards 
DEHP. To evaluate the adsorption kinetics, pseudo-first order and pseudo-second order 
models were used to fit the experimental data by using the linear regression analysis method 
(Figure 4.8b and c). The kinetic parameters are summarized in Table 4.S3. From the 
calculated R2 values, it is concluded that the pseudo-second order kinetic model can be 
used to represent the adsorption behaviour over the whole range of contact time. Moreover, 
the Qe values obtained from the pseudo second order model were in agreement with the 
experimental adsorption capacity values. This observation is in agreement with previous 
studies, showing that the adsorption of DEHP by RMMHC follows the pseudo second order 
kinetic model.21, 53  
 
Figure 4.8 (a) The kinetic adsorption profiles, (b) pseudo-first order adsorption kinetics plot 
and (c) pseudo-second order adsorption kinetics plot. The solid lines represent pseudo-first 
order adsorption fit in (b) and pseudo-second order adsorption fit in (c) but in (a) they are 
solid lines through the data points. 
   The adsorbent reusability is crucial for practical applications. Hence, the reusability of 
RMMHC was evaluated. RMMHC-900 was not included in this test due to the loss of 
magnetic property. As seen in Figure 4.9a, the recovery of DEHP remains more than 86% 
after five cycles, showing that RMMHC-500, RMMHC-700 and RMMHC-TEOS are reusable 
after regeneration. The slight decrease in recovery is probably due to the loss of the particles 
during regeneration process. 
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Figure 4.9 (a) Reusability of RMMHC, (b) Effect of solution pH and (c) Effect of ionic strength. 
For b and c, 2 mg of adsorbent was dispersed in 20 mL of aqueous solution with the initial 
DEHP concentrations of 0.1 mg mL-1 for 24 h.  
   As the RMMHC-700 NPs exhibit the highest adsorption capacity (783.1 mg g-1) and 
reusability (retaining 87% of initial adsorption capacity after 5 cycles) in all RMMHC samples, 
RMMHC-700 was selected to further study the effect of pH and ionic strength of media on 
the DEHP adsorption (Figure 4.9b and c). From Figure 4.9b, it is evident that the adsorption 
capacity is affected by the pH of the solution. The DEHP adsorption capacity increases with 
increasing the pH from 5 to 6 and then decreases above pH 6. It has been reported that 
below pH < 7, DEHP has the tendency to hydrolyse into phthalic acid forming positively 
charged species.54 At pH 6, the electrostatic attraction between the negatively charged 
carbon surface (isoelectric point was measured around 4) and the partially positively 
charged DEHP molecules coexist with the hydrophobic interaction, favouring a high 
adsorption of DEHP onto RMMHC-700.54 However, a more acidic condition (pH of 5) could 
decrease the hydrophobic interaction, leading to decreased adsorption capacity. Above pH 
6, both adsorbate and adsorbent possess negative charges and thus the adsorption capacity 
is reduced due to repulsion.54 To evaluate the effect of ionic strength on DEHP adsorption, 
the experiments were carried out using various NaCl concentrations (0-10 mol L-1). From 
Figure 4.9c, it is observed that the ionic strength of the medium has negligible influence on 
DEHP adsorption, in agreement with a previous report.55  
   The above studies demonstrate that the RMMHC-700 NPs present the optimal adsorption 
capacity, fast adsorption rate, easy magnetic separation and high reusability among all 
tested RMMHC. This novel RMMHC with large pore size and high mesopore volume is 
advantageous than conventional materials for removal of DEHP, providing a new generation 
of promising adsorbents for the removal of organic contaminants from waste water. 
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4.3 Conclusion 
   In summary, RMMHC with adjustable structural parameters have been successfully 
fabricated. At the optimized carbonization temperature of 700 °C, RMMHC show the highest 
specific surface area (579 m2 g-1), largest pore volume (0.795 cm3 g-1), and largest pore size 
(7.6 nm) compared to the other samples. When applied as an absorbent for DEHP removal, 
optimized RMMHC materials exhibit a high adsorption capacity of 783.1 mg g-1 and excellent 
reusability. The outstanding adsorption capacity of RMMHC can be attributed to the high 
mesopore volume and large pore size. RMMHC NPs are promising candidate adsorbents 
for water treatment applications.  
 
4.4 Experimental section 
4.4.1 Chemicals 
Ferric chloride hexahydrate (FeCl3·6H2O), tri-sodium citrate dehydrate, urea, ethylene glycol, 
ammonium hydroxide (28 wt%), TPOS, TEOS, resorcinol, formalin (37 wt%), ethanol, 
sodium hydroxide, DEHP and acetone were of analytical grade and purchased from Aldrich 
and used as received. Doubly distilled water obtained from a laboratory purification system 
was used throughout the experiments. 
4.4.2 Materials synthesis 
Synthesis of magnetite particles: The magnetite particles were prepared through a 
solvothermal reaction.39 Briefly, 0.811 g of FeCl3.6H2O, 0.044 g of sodium citrate dehydrate 
and 1.802 g of urea were completely dissolved in 30 mL of ethylene glycol by ultrasonication 
and vigorous magnetic stirring. The obtained homogeneous yellow solution was transferred 
to a Teflon lined stainless-steel autoclave (50 mL capacity) and sealed to heat at 200 C. 
After reaction for 6 h, the autoclave was cooled to room temperature. The obtained black 
magnetite particles were separated magnetically and washed with ethanol and deionized 
water three times to eliminate organic and inorganic impurities, and then dried in vacuum at 
60 C for 6 h.  
Synthesis of RMMHC NPs: RMMHC NPs were synthesized according to a reported 
approach with some modifications.37 In a typical synthesis, a mixture consisting of 50 mg of 
magnetite spheres, 10 mL of water and 70 mL of ethanol was ultrasonicated for 1 h and then 
injected into a 200 mL three-necked round-bottom flask. Next, 3 mL of ammonia aqueous 
solution and 2.6 mL of TPOS were added, and the solution was mechanically stirred for 15 
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min followed by the addition of 0.3 g of resorcinol and 0.42 mL of formalin water solution. 
After stirring at room temperature for 24 h, the product was separated using a magnet and 
washed repeatedly with ethanol and water to remove non-magnetic by-products, and 
subsequently dried at 60 C for 12 h. For the carbonization process, particles were heated 
under a N2 atmosphere to reach desired temperature (500, 700, and 900 C) at a heating 
rate of 3 C min-1, then maintained at this temperature for 6 h. To remove silica, the product 
was subsequently etched with 2 mol L-1 NaOH for 24 h at room temperature and 
successively washed with ethanol and deionized water three times. The obtained products 
prepared at different carbonization temperature were denoted as RMMHC-500, RMMHC-
700, and RMMHC-900 where the number represents the carbonization temperature. As a 
control sample, RMMHC-TEOS was prepared using the same method except that TPOS 
was replaced by TEOS. For this sample, carbonization was carried out at 500 C. 
4.4.3 Adsorption studies  
Since DEHP is poorly dissolved in water, the stock solution of DEHP (1 mg mL-1) was 
prepared in ethanol.12 Different concentrations of DEHP were prepared by dissolving 
measured quantities of the stock solution into ultrapure water, with further addition of ethanol 
to ensure that a consistent water/ethanol ratio of 0.9 v/v was maintained.21 Adsorption 
isotherms were obtained to evaluate the maximum adsorption capacity. 2 mg of adsorbent 
was dispersed in 20 mL of aqueous solution with the initial DEHP concentrations between 
0.0025 and 0.12 mg mL-1. After shaking for 24 h at 150 rpm and room temperature, 1 mL of 
the mixtures were taken out and after magnetic separation to remove particles; a series of 
the equilibrium concentration of DEHP was measured by UV-vis absorption spectroscopy at 
235 nm (UV-2450, Shimadzu Company) and the adsorption isotherms were obtained.  
   The amount of DEHP adsorbed per unit weight of adsorbent (mg g-1) (Qe) was calculated 
based on the difference in DEHP concentration in an aqueous solution before and after 
adsorption using the following equation: 
 𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)𝑉
𝑊
 (3) 
   where Ci (mg L-1) and Ce (mg L-1) are the initial and equilibrium concentrations of DEHP, 
respectively, V (L) is the volume of the aqueous solution and W (g) is the weight of the 
adsorbents. 
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   The adsorption kinetic experiments were carried out to determine the adsorption 
equilibrium time. Five mg of adsorbent was suspended in 50 mL of aqueous solution with 
DEHP concentration of 0.1 mg mL-1. Then the mixture was agitated at 150 rpm and room 
temperature. At each predetermined time point, 1 mL of the mixture was taken out and the 
residual concentration of DEHP was measured. 
   To test the reusability of the adsorbent, 5 mg of particles was suspended in 50 mL of 
aqueous solution with a DEHP concentration of 0.1 mg mL-1. After the adsorption process, 
the material was washed three times with acetone and then dried at 60 C until a constant 
weight was reached. This adsorption and desorption procedure was repeated five times. 
The recovery was defined as the ratio of the residual adsorption capacity to the initial 
adsorption capacity. 
4.4.4 Characterization  
Field emission scanning electron microscopy (SEM) images were obtained on a JEOL 
7100F with accelerating voltages of 5.0 (in the case of magnetite particles) and 15.0 kV (in 
the case of RMMHC). For SEM measurements, the samples were prepared by dispersing 
the powder samples in ethanol, after which they were dropped to the aluminum foil pieces 
and attached to conductive carbon film on SEM mounts. Transmission electron microscopy 
(TEM) images were taken on Tecnai F30 operated at 300 kV. The samples for TEM 
measurements were dispersed in ethanol by ultrasonication for 5 min and then supported 
onto a holey carbon film on a copper grid. X-ray diffraction (XRD) patterns were collected 
using a German Bruker D8 X-ray Diffractometer with Ni-filtered Cu Kα radiation (λ = 0.15406 
nm). For XRD analysis, a 0.26 degree divergence slit and a 5.0 mm anti-scatter slit were 
used. The measurements were conducted using 15 rpm rotation in the 2 theta range of 10-
90 degrees. The step size was 0.02 degree and the scan speed was 1.2 second per step 
with a total scan time of 80 min." Thermo gravimetric analysis (TGA) was carried out on a 
METTLER TOLEDO TGA/DSC1 STARe System under air flow (25-1000 C, 5 C min-1). 
Elemental analysis (C, H, N, and S) was performed using an elemental analyzer (FLASHEA 
1112 series, Thermo Electron Corporation). Magnetization measurement was performed on 
a Quantum Design Physical Property Measurement System (PPMS) using the Vibration 
Sample Magnetometer (VSM) option. Raman spectra were obtained by Renishaw in Via 
Raman microscope using an Argon ion laser at 514 nm. X-ray photoelectron spectra (XPS) 
were collected on a Kartos Axis Ultra X-ray photoelectron spectrometer (PerkinElmer). 
Nitrogen adsorption isotherms were measured at 77 K using a TriStar II Surface Area and 
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Porosity analyzer (Micromeritics). The samples were degassed under vacuum for 6 hours 
at 180 C before analysis. 
 
4.5 Supplementary information 
 
Figure 4.S1 High-magnification TEM images of (a) RMMHCs-500 (b) RMMHCs-700 and 
(c) RMMHCs-900. 
 
 
 
Figure 4.S2 XPS spectrum of RMMHC. 
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Figure 4.S3 Room temperature magnetization curve of magnetite. 
 
 
 
 
 
 
Figure 4.S4 (a) SEM, (b, c) TEM images of RMMHC-TEOS. 
 
 
 
 
 
 
Figure 4.S5 Schematic illustration of the preparation of RMMHC-TEOS. 
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Figure 4.S6 (a) N2 sorption isotherm and (b) pore size distribution curve of RMMHC-TEOS. 
 
 
Table 4.S1 Properties of RMMHC. 
Sample RMMHC-500 RMMHC-700 RMMHC-900 RMMHC-TEOS 
Particle size /nm 970 945 930 680 
Shell thickness /nm 109 115 121 15 
Total carbon content a (%wt) 33 21 16 - 
Carbon content of shell b (%wt) 84.8 90.5 90.9 - 
Oxygen content of shell c (%wt) 15.2 9.5 9.1 - 
Magnetic saturation (emu g−1) 14.9 7.8 0.0 - 
a Measured by elemental analysis. b Calculated by XPS analysis. c Calculated by XPS analysis. 
 
 
 
 
 
Table 4.S2 Langmuir and Freundlich adsorption isotherm parameters of RMMHC. 
Sample 
Langmuir Freundlich 
b (L mg-1) Q (mg g-1) R2 
k (mg g-1) (L 
mg)1/n 
1/n R2 
RMMHC-500 0.1457 366.8 0.9967 782.1 0.287 0.9876 
RMMHC-700 0.5116 783.1 0.9995 1697.6 0.235 0.8199 
RMMHC-900 0.2313 457.1 0.9942 1508.7 0.386 0.8421 
RMMHC-TEOS 0.1548 107.3 0.9852 794.7 0.578 0.8726 
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Table 4.S3 The fitting parameters of experimental kinetic data to various kinetic models.  
Sample 
pseudo-first-order pseudo-second-order 
k (min-1) Qe (mg g-1) R2 k (g mg-1 min-1) Qe (mg g-1) R2 
RMMHC-500 0.07969 118.4 0.4856 0.00528 340.3 0.9993 
RMMHC-700 0.1005 259.6 0.4433 0.00131 798.1 0.9942 
RMMHC-900 0.1833 122.8 0.6626 0.00336 449.6 0.9990 
RMMHC-TEOS 0.03272 21.9 0.3248 0.07663 93.5 1 
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Chapter 5  
Superhydrophobic dendritic mesoporous 
organosilica nanoparticles with ultrahigh-
content and gradient organic moieties  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In this chapter, we report the successful preparation of superhydrophobic dendritic 
mesoporous organosilica nanoparticles (SHDMONs) with exceptionally high contents of 
octadecyl end groups (27.2-41.2 wt% of carbon) and gradient distribution, leading to 
superior pyrene removal performance. The optimized sample displays a high pyrene 
adsorption capacity (757.5 mg g-1) and a quick adsorption rate (30 min), and retains 91% of 
its original adsorption capacity after five times’ reuse, providing a promising candidate for 
environmental remediation. 
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5.1 Introduction 
Water contamination caused by an increasing number of pollutants derived from human 
activities is a critical challenge.1 Polycyclic aromatic hydrocarbons (PAHs), such as pyrene, 
represent an important family of organic pollutants in water resources, mainly generated 
during combustion processes.2 While pyrene is extremely hydrophobic with low solubility in 
water, it is strongly bioaccumulative and may result in adverse effects on human health 
through food chain transfer.3 Pyrene has been categorized as a priority pollutant by the 
United States Environmental Protection Agency (EPA) because of its toxic, mutagenic and 
carcinogenic properties.4 Thus, developing a simple and effective system for pyrene 
decontamination from water is of great importance. 
   Traditional treatment methods such as filtration and biological degradation are incapable 
of efficiently removing pyrene from water because of its persistent nature.5 Adsorption has 
recently developed as a promising technology for the removal of pyrene with effectiveness, 
simplicity and relatively low-cost.6 Various adsorbents have been explored for pyrene 
capturing.4, 5, 7-16 Liu and coworkers successfully developed yolk-shell magnetic mesoporous 
carbon spheres with a surface area of 235 m2 g-1  as recyclable adsorbents for pyrene 
removal.16 While the recyclable adsorbents retained 84% of the initial adsorption capacity 
after six cycles, the adsorption capacity was limited to 77.1 mg g-1. In a recent report, the 
pyrene adsorption capacity of rattle-type magnetic carbon-silica particles was improved from 
41.5 mg g-1 to 175 mg g-1 by grafting octadecyl (-C18) chains on the surface of silica,7 even 
the surface area (88 m2/g) is much smaller compared to the yolk-shell carbon,16  suggesting 
that increasing the hydrophobicity of adsorbents (e.g., from pristine carbon or bare silica to-
C18 modified silica) plays a more significant role than the increase in surface area for the 
adsorption of hydrophobic molecules such as pyrene. However, the grafting (or post-
synthesis modification) approach usually leads to a lower content of surface organic groups 
than the co-condensation method.17 In the co-condensation approach, the contents of 
hydrophobic moieties can be increased by increasing the initial ratio of organic precursors.18, 
19 However, the mesoporosity could be substantially reduced at high initial contents of 
organosilanes.19, 20 Shi and Durand’s groups have also reported a wide range of 
organosilica-based materials through the co-condensation approach.21-24 The conventional 
co-condensation approach generally leads to homogeneous distribution of organic moieties 
in the silicate framework through the simultaneous addition of organic and inorganic silica 
precursors.19 Considering the hydrophobicity is a surface property 25 and the external 
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surface of nanoparticles is the first contact area for adsorption, it could be beneficial to 
introduce a gradient of hydrophobic moieties with a higher density at the external region of 
particles than the average, thus the hydrophobicity of adsorbents and adsorption 
performance could be further improved. To our knowledge, an effective strategy to create 
hydrophobic adsorbents with high hydrophobic contents, favourable hydrophobic gradient 
and well-retained mesoporosity is a challenge.  
   In addition to the choice of hydrophobic moieties, their contents, and the synthesis strategy, 
the nanoporous structure of adsorbents is also important for improving their adsorption 
performance.26 Reported materials for pyrene adsorption usually possess small pore sizes 
and long pore channels.7-9 Due to the so-called “shadow effect”,27 it is possible that a large 
number of adsorption sites would not be fully accessible for pyrene molecules in small and 
deep pores that results in the poor adsorption efficiency and slows down the adsorption 
kinetics.28 In this regard, dendritic mesoporous silica nanoparticles (DMSNs) with designed 
functionality may be a better candidate adsorbent.29-33 Polshettiwar et al. firstly reported the 
synthesis of KCC1, a type of DMSNs with fibrous structures31 and various applications.34, 35 
It is expected that the large and well-exposed mesopores, as well as the short pore-length 
of DMSNs, could effectively overcome the “shadow effect” in conventional adsorbents,27, 28 
leading to both high adsorption capacity and adsorption kinetics. Although DMSNs with 
various functionalities such as thioether-36 and ethane-bridged groups37 have been 
developed; their organic contents are generally low (≤10 wt% carbon) and thus their 
potential as high capacity adsorbents for hydrophobic molecules has not fully exploited. To 
date, there is no report on the synthesis of DMSNs with high contents of highly hydrophobic 
surface functional groups for pyrene decontamination.  
   Herein, we report the synthesis of superhydrophobic dendritic mesoporous organosilica 
nanoparticles (SHDMONs) with exceptionally high contents of -C18 groups (27.2-41.2 wt% 
of carbon), well above the highest content reported so far,38 and an outstanding pyrene 
adsorption capacity of 757.5 mg g-1, much higher than the best literature reports.11, 14, 15 A 
two-step delayed co-condensation method was designed (Figure 5.1), in which tetraethyl 
orthosilicate (TEOS) and octadecyl trimethoxysilane (ODMS) were used as mixed silica 
source, and cetyltrimethylammonium bromide (CTAB) and sodium salicylate (NaSal) as the 
structure-directing agents, and triethanolamine (TEA) as catalysis (Figure 5.1A). In this work, 
ODMS was used as the organosilica precursor to generate a hydrophobic environment39 
and to compare with previous reports where C18 modified materials were used for pyrene 
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adsorption.7 In the first step of co-condensation between TEOS and ODMS, primary 
dendritic mesoporous organosilica nanoparticles are formed (Figure 5.1B). Considering the 
faster hydrolysis and condensation rate of TEOS compared to organosilica precursors under 
basic conditions,37 a delayed second-step stepwise addition of ODMS is introduced to 
minimize the damage to the “seed” dendritic mesoporous organosilica nanoparticles 
(DMONs) structure and allow for subsequent co-condensation as well as the formation of 
SHDMON with pore walls saturated with -C18 chains (Figure 5.1C). After surfactant removal 
through extraction, the final products SHDMONs are obtained (Figure 5.1D). Importantly, 
the two-step delayed co-condensation method creates a composition gradient: The content 
of -C18 chains incorporated near the external particle surface is higher than the average 
content in the particle, leading to further increased hydrophobicity, higher pyrene adsorption 
capacity and faster adsorption rates compared with other adsorbents4, 5, 7-16 as well as 
excellent reusability (retaining 91% of the initial adsorption capacity after five cycles). 
 
Figure 5.1 Schematic illustration of the two-step delayed co-condensation synthesis 
approach to synthesize SHDMONs. (A) Surfactants and catalyst; (B) Primarily DMONs; (C) 
SHDMONs; (D) SHDMONs after surfactant removal and schematic gradient distribution of 
–C18 groups in SHDMONs. 
 
5.2 Results and discussion 
The morphology and structure of SHDMONs-r (r = 0.125, 0.25, and 0.33) (r is the molar ratio 
of ODMS to TEOS) were characterized by SEM and TEM (Figure 5.2). SEM images show 
that all samples own spherical morphologies with similar particle sizes of  180-200 nm 
(Figure 5.2a, c, and e). The large and well-exposed pores can be obviously seen on the 
surface of particles. Corresponding TEM images (Figure 5.2b, d, and f) reveal the dendritic 
pore structure of SHDMONs with radial pore channels. The structure of SHDMONs is similar 
to that of KCC1 fibrous silica prepared using a microemulsion system.31 In order to prepare 
SHDMONs where the organosilica precursor ODMS has a strong hydrophobic property and 
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tends to dissolve in organic solvent, a recently developed anion assisted approach in 
aqueous solution was used where NaSal was employed as a swelling agent to induce the 
formation of the dendritic structures.37 It is suggested that due to the high miscibility and 
strong electrostatic attraction between Sal− and CTA+ micelles,37 the hydrophobic part of 
Sal− penetrates into the hydrophobic region of preformed CTA+ micelles and induces the 
structural transition from micelles toward vesicular/lamellar subunit structures and 
eventually the formation of the central radial structure with large pores.40 When r was 
increased to 0.5, the porous dendritic structure was lost and the final product composed of 
nonporous spheres (Figure 5.S3), in line with previous studies that the mesoporosity was 
substantially lost at high organosilanes to TEOS ratios.20 Thus, SHDMONs-0.5 was not 
included in the following studies. 
 
Figure 5.2 SEM (a, c, and e) and TEM (b, d, and f) images of SHDMONs-0.125 (a and b), 
SHDMONs-0.25 (c and d), and SHDMONs-0.33 (e and f). 
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   N2 sorption analysis was used to characterize the textural properties of SHDMONs-r. All 
samples show typical type IV isotherms characteristic of mesoporous materials (Figure 
5.3a). The pore size, BET surface area, total pore volume and mesopore volume were 
measured to 25.2 nm, 153.5 m2 g-1, 0.857 cm3 g-1 and 0.718 cm3 g-1 for SHDMONs-0125, 
20.3 nm, 96.7 m2 g-1, 0.485 cm3 g-1, and 0.336 cm3 g-1 for SHDMONs-0.25, and 19.4 nm, 
68.3 m2 g-1, 0.379 cm3 g-1, and 0.261 cm3 g-1 for SHDMONs-0.33, respectively (Figure 5.3b 
and Table 5.1). When r was increased from 0.125 to 0.33, the pore size, surface area, pore 
volume and mesopore volume of SHDMONs-r decrease consistently.  
 
Figure 5.3 (a) N2 sorption isotherms and (b) pore size distribution curves of SHDMONs-
0.125, 0.25, and 0.33.  
    
Table 5.1 Textural properties, chemical composition and detailed adsorption results for 
nanoparticles. 
Sample dp a SBET b VP c VMes d CEAe CXPS f CA g Q h 
DMONs-0.05 29.1 284.3 0.946 0.823 19.1 29.5 136 412.6 
SHDMONs-0.125 25.2 153.5 0.857 0.718 27.2 46.2 151 757.5 
SHDMONs-0.25 20.3 96.7 0.485 0.336 34.3 54.8 155 391.2 
SHDMONs-0.33 19.4 68.3 0.379 0.261 41.2 55.3 161 282.0 
DMONs-0.125 24.9 141.8 0.780 0.613 26.8 27.4 131 372.5 
DMSNs 3 & 31.7 336.6 1.007 0.791 NA NA NA 18.1 
a) Pore diameter calculated by BJH method from the adsorption branch (nm); b) BET surface 
area (m2g-1); c) Total pore volume (cm3g-1); d) Mesopore volume (cm3g-1); e) Carbon weight 
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percentage estimated by EA; f) Carbon weight percentage estimated by XPS; g) Contact 
angle (degree); h) Adsorption capacity (mg g-1). 
   The chemical composition of the SHDMONs-r was analyzed by EA, TGA, XPS, 29Si and 
13C NMR techniques. By increasing r from 0.125 to 0.25 and 0.33, the total amount of carbon 
detected by EA rises from 27.2 to 34.3 and 41.2 wt%, respectively (Table 5.1). TGA analysis 
reveals a significant weight loss at the temperature range of 200 to 800  ̊C curves (Figure 
5.4), 36.5, 45.6, and 48.8 wt% for SHDMONs-0.125, 0.25, and 0.33, respectively, which can 
be assigned to the organic content. The minor weight loss observed below 200  ̊C should 
be assigned to the loss of the remaining moisture.41 The trend of weight loss with r is in 
alignment with the EA results, suggesting the successful incorporation of an ultra-high 
content of organic moieties in  SHDMONs-r, which are well above the highest reported to 
date by Peng and coworkers (33.2 wt% mass loss estimated by Thermogravimetric 
analysis).38 The amount of carbon on the surface of samples measured by XPS analysis is 
46.2%, 54.8%, and 55.3% in SHDMONs-r (r = 0.125, 0.25, and 0.33, respectively), higher 
than those values in bulk, indicating a higher density of alkyl chains present on the external 
surface of particles. 
 
Figure 5.4 TGA curves of samples. 
   The 29Si CP-MAS  NMR spectra of SHDMONs-r (r = 0.125, 0.25, and 0.33) display both 
Q and T sites, demonstrating the hybrid nature of samples (Figure 5.5a). The peaks at -104 
and -113 ppm correspond to Q3 [Si-(OSi)3(OH)] and Q4 [Si-(OSi)4] species. Signals observed 
at -63 and -70 ppm correspond to T2 [C-Si(OSi)2(OH)] and T3 [C-Si(OSi)3] species, 
respectively.17 By increasing the molar ratio of ODMS to TEOS in SHDMONs samples, the 
intensity of Q sites decreases while T sites increases, indicating the increment in the content 
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of incorporated organic species. To quantify the chemical composition of samples, the 
integrated peak area measurements for Q and T signals were conducted. The T/(T+Q) ratio 
increased from 0.33 to 0.38 and 0.46 for SHDMONs-0.125, 0.25, and 0.33, respectively. 
The 13C CPMAS NMR spectra of samples display the characteristic peaks at 14, 23, and 31 
ppm, corresponding to the 2C, 1C, and 3C carbon species in Si-1CH2-2CH2-(3CH2)14-1CH2-
2CH3, respectively, indicating the successful integration of alkyl chain groups in the 
framework (Figure 5.5b).17 The absence of the characteristic chemical shifts of CTAB 
signifies the successful removal of the template in samples. 
 
Figure 5.5 (a) 29Si and (b) 13C CP-MAS NMR spectra of samples. 
   Water contact angle (CA) measurement was carried out to characterize the surface 
hydrophobicity of samples (Figure 5.6). All samples displayed a superhydrophobic property 
with contact angles of 151°, 155°, and 161°, observed for SHDMONs-0.125, 0.25, and 0.33, 
respectively. The gradual increase of contact angle along with r is in agreement with the 
organic contents measured by EA, TGA, XPS, and NMR in three SHDMONs (Table 5.1).  
 
Figure 5.6 images of water drops in contact with pressed pellets of (a) SHDMONs-0.125, 
(b) SHDMONs-0.25, and (c) SHDMONs-0.33. 
  To gain insights on the formation process, the structural evolution of SHDMONs-0.125 was 
monitored using TEM analysis as a function of the reaction time (see the experimental part 
for details). As revealed in Figure 5.S4, wrinkled structures were formed at 15 min (Figure 
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5.S4a) which developed into dendritic particles with opening large pores of 30 nm and a 
particle size of around 100 nm by prolonging reaction time to 60 min (Figure 5.S4b). The 
dendritic-like particles with well-defined spherical morphology and a particle size of 160 nm 
can be clearly observed by extending the reaction time to 90 min (Figure 5.S4c). The particle 
size increases to ~190 nm at 6 h (Figure 5.S4d). The time-dependent particle growth 
behavior is schematically shown in Figure 5.1.  
   To further understand the key role of the step-wise addition of ODMS in the preparation of 
SHDMONs, DMONs-0.125 were also prepared using the conventional co-condensation 
method where TEOS and ODMS were added at the same time (see the experimental part 
for more details). TEM image displays that DMONs-0.125 are spherical in shape with an 
average particle size of 184 nm and distinct dendritic pore structure (Figure 5.S5a). DMONs-
0.125 show typical characteristic type IV isotherm which represents its mesoporous 
structure (Figure 5.S5b). The pore size, BET surface area, total pore volume, and mesopore 
volume were measured to 24.9 nm, 141.8 m2 g-1, 0.780 cm3 g-1, and 0.613 cm3 g-1, 
respectively (Figure 5.S5c and Table 5.1), similar to those for SHDMONs-0.125. The total 
amount of carbon detected by EA (26.8 wt%) was also close to that of SHDMONs-0.125 
(27.9 wt%) as well as the calculated carbon content according to the feeding ratio, 
suggesting the complete incorporation of organic groups inside both samples. However, the 
amount of carbon on the surface of DMONs-0.125 measured by XPS analysis (27.4 wt%) 
was similar to the total carbon content measured by EA (26.8 wt%), suggesting nearly 
uniform distribution of –C18 groups in DMONs-0.125.  
  The above results suggest that the two-step delayed co-condensation approach generates 
SHDMONs with a -C18 composition gradient. While the initial introduction of ODMS with 
TEOS results in the incorporation of -C18 moieties inside the silica framework to induce a 
hydrophobic nanoenvironment, the subsequent additions of ODMS results in a higher 
density of the long -C18 terminal groups exposed on the external particle surface than that 
in the bulk. On the other hand, the addition of TEOS and ODMS at the same time during the 
synthesis of DMONs-0.125 promotes the hydrolysis and co-condensation of two precursors, 
thus the carbon contents measured in bulk and on the external surface of DMONs-0.125 are 
close to each other. In accordance with our proposed mechanism and above observations, 
DMONs-0.125 showed a hydrophobic property with a contact angle of 131° (Figure 5.S5d), 
lower than that of SHDMONs. The above results collectively suggest the key role of two-
step delayed co-condensation method to create a superhydrophobic nanoenvironment.  
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   Isotherm and kinetic studies were conducted to investigate the adsorption performance of 
particles toward pyrene (Figure 5.7). Figure 5.7a presents the adsorption equilibrium data. 
SHDMONs-0.125 displays the highest adsorption capacity of 757.5 mg g-1, substantially 
higher than the highest value reported to date (372 mg g-1)11 (Please see Table 5.S1 for 
detailed comparison with previous reports), which can be correlated to its exceptional 
mesopore volume (0.718 cm3 g-1) of highly accessible large hydrophobic mesopores (Table 
5.1). The adsorption capacity declines sharply from 757.5 mg g-1 for SHDMONs-0.125 to 
391.2 and 282.0 mg g-1 for SHDMONs-0.25 and SHDMONs-0.33, respectively, suggesting 
the direct connection between adsorption capacity and mesopore volume. The adsorption 
equilibrium data can be fitted to the Langmuir adsorption model (R20.99, Figure 5.7b, Table 
5.S2), suggesting a monolayer adsorption mechanism.12  
 
Figure 5.7 (a) Adsorption isotherms, (b) Langmuir fitting, (c) the kinetic adsorption profiles, 
and (d) pseudo-second order adsorption kinetics plot for pyrene adsorption on SHDMSNs. 
The solid lines represent Langmuir fit in (b) and pseudo-second order adsorption fit in (d) 
but in (a and c) they are solid lines through the data points. 
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   Kinetic study displays that all SHDMONs approached saturated adsorption within 30 min 
(Figure 5.7c), suggesting high affinity of superhydrophobic adsorbents towards pyrene. This 
observation also demonstrated the key role of well-exposed large pores of dendritic structure 
to efficiently overcome mass transfer limitations. In the case of SHDMONs-0.25 and 
SHDMONs-0.33, the saturated adsorption occurs in 20 and 15 min, respectively, which is 
attributed to the even higher hydrophobicity and thus  faster adsorption of pyrene molecules. 
The experimental kinetic data were fitted using pseudo-second order kinetic model (R20.98, 
Figure 5.7d, Table 5.S3), suggesting the strong hydrophobic interaction between adsorbents 
and pyrene molecules.42 
   As the SHDMONs-0.125 exhibit the highest adsorption capacity (757.5 mg g-1) in all 
samples, SHDMONs-0.125 was selected to evaluate its reusability performance. As shown 
in Figure 5.S6, the recovery of pyrene remains more than 91% after five cycles, better than 
previous reports,7, 16 showing excellent reusability performance of SHDMONs-0.125 after 
regeneration. The slight decrease in recovery is probably because of the loss of the 
adsorbent during the regeneration process.16 The corresponding TEM image (Figure 5.S7) 
shows that the adsorbent after 5 cycles has little change in the dendritic structure, 
suggesting SHDMONs-0.125 could be repeatedly used in the adsorption process.  
   To understand the contribution of composition gradient on pyrene adsorption, the 
performance of DMONs-0.125 for pyrene decontamination was also tested for comparison. 
While the textural properties of DMONs-0.125 are very similar to those for SHDMONs-0.125, 
the adsorption capacity was limited to 372.5 mg g-1 (Figure 5.S8), indicating the lower affinity 
of pyrene molecules towards adsorbent with a lower alkyl chains density on pore walls. 
Furthermore, the saturated adsorption was achieved in 60 min which demonstrates the 
slower adsorption of pyrene molecules on hydrophobic adsorbents with a lower density of 
alkyl chains. The above results highlight the advantage of our innovative synthesis method 
to synthesize highly hydrophobic adsorbents for superior removal of pyrene. 
     To shed light on the contribution of hydrophobic property of adsorbent on pyrene 
adsorption, DMSNs with the hydrophilic property was fabricated as a control sample using 
pure TEOS as the silica precursor instead of ODMS/TEOS mixture (see the experimental 
part for more details). The corresponding SEM and TEM images show the typical the 
dendritic structure of DMSNs with an average particle size of 261 nm (Figure 5.S9a and b). 
Nitrogen adsorption analysis was applied to characterize the porous nature of the sample. 
DMSNs shows a typical type IV isotherm (Figure 5.S9c) with the pore size, BET surface 
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area, total pore volume and mesoporous volume of 31.7 nm, 336.6 m2 g-1, 1.007 cm3 g-1 
and 0.791 cm3 g-1, respectively (Figure 5.S9d and Table 5.1). As expected, DMSNs show a 
hydrophilic property (Figure 5.S9e). The TGA curve of DMSNs exhibits a weight loss of 8.4% 
below 100 C̊ which can be attributed to the loss of the remaining moisture (Figure 5.4). When 
used as the adsorbent to eliminate pyrene from wastewater, DMSNs showed an extremely 
low adsorption capacity of 18.1 mg g-1 (Figure 5.S9f). Considering DMSNs possess a higher 
mesopore volume compared to SHDMONs-r samples (Table 5.1), the above observation 
demonstrates the key role of adsorbent hydrophobicity for efficient removal of pyrene from 
contaminated water. 
   To further investigate the impact of lower molar ratios of ODMS to TEOS on pyrene 
adsorption, DMONs-0.05 was prepared and tested for pyrene removal (see the experimental 
part for more details). The TEM image exhibits the dendritic structure of particles with a 
diameter of 243 nm (Figure 5.S10a). DMONs-0.05 owned a typical type IV isotherm (Figure 
5.S10b), representative the mesoporous nature. The pore size, BET surface area, total pore 
volume and mesoporous volume of DMONs-0.05 was measured to be 29.1 nm, 284.3 m2 g-
1, 0.946 cm3 g-1 and 0.823 cm3 g-1, respectively (Figure 5.S10c and Table 5.1). As expected, 
the amount of carbon on the surface of DMONs-0.05 measured by XPS analysis (29.5 wt%) 
was higher than the total amount of carbon detected by EA (19.1 wt%), suggesting the 
gradient composition of alkyl chains. 
   DMONs-0.05 displayed a contact angle of 136° (Figure 5.S10d), lower than those for 
SHDMONs prepared at higher r values, but higher than DMONs-0.125 (contact angle of 
131°) with a higher r prepared by the conventional co-condensation method without the 
delayed addition. The contrast suggests the advantage of the two-step delayed co-
condensation method over conventional co-condensation approach to creating a stronger 
hydrophobic nanoenvironment. DMONs-0.05 exhibited an adsorption capacity of 412.6 mg 
g-1 (Figure 5.S11) towards pyrene which is lower than SHDMONs-0.125 (757.5 mg g-1) and 
higher than DMONs-0.125 (372.5 mg g-1, see Table 5.1). 
 
5.3 Conclusions  
In summary, SHDMONs with ultrahigh hydrophobic contents have been successfully 
synthesized by an innovative two-step delayed co-condensation method, which exhibit a 
composition gradient in which octadecyl moieties are preferentially deposited near the 
external surface of particles to generate a superhydrophobic nanoenvironment. When used 
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to decontaminate pyrene from water, the optimized sample exhibited an exceptional 
adsorption capacity (757.5 mg g-1), a fast adsorption rate (30 min), and excellent reusability 
which can be attributed to the high hydrophobic property of highly accessible pore walls of 
SHDMONs. SHDMONs are expected to remove hazardous organic pollutants from 
contaminated water to meet the tough standards for water quality control. 
 
5.4 Experimental section 
5.4.1 Chemicals 
All chemicals were used as received without further purification. TEOS, ODMS, CTAB, TEA, 
NaSal, hydrogen chloride, ethanol, acetonitrile and pyrene were purchased from Sigma-
Aldrich. Double-distilled water obtained from a laboratory purification system was used for 
all experiments. 
5.4.2 Materials synthesis 
Synthesis of super-hydrophobic dendritic mesoporous organosilica nanoparticles 
(SHDMONs): In a typical synthesis, TEA (68 mg) was dissolved in distilled water (25 ml) at 
80 °C. After intensive stirring for 30 min, CTAB (380 mg) and NaSal (168 mg) (molar ratio 
of NaSal to CTAB was adjusted to 1) were added and the solution was kept stirring for 1 h. 
Then a mixture of TEOS (3.56 ml) and ODMS (0.17 ml) was added to the solution under 
intensive stirring. Afterwards, extra ODMS was added to the solution in four additions (0.17 
ml for each addition) every 30 min. The total molar ratio of ODMS to TEOS was 0.125. After 
the last addition of ODMS, the solution was kept stirring for 4 h and the precipitates were 
collected by centrifugation and washed three times with ethanol to remove the residual 
reactants. The as-synthesized samples were dried in vacuum at 50 °C for 12 h and then 
extracted three times at 70 °C for 6 h with a solution of hydrochloric acid in ethanol (3 mL of 
37% HCl in 50 mL of absolute ethanol) to remove the structure-directing agents. The final 
products were obtained by drying in vacuum at room temperature overnight. Other 
SHDMONs were prepared with molar ratios of ODMS to TEOS of 0.25, 0.33, and 0.5, while 
keeping the total silica sources molar and all other synthesis parameters constant. The final 
products were denoted as SHDMONs-r, where r indicates the molar ratio of ODMS to TEOS. 
As a control sample, the sample with a molar ratio of ODMS to TEOS of 0.05 was prepared 
while the total silica sources molar amount and all other synthesis parameters kept 
unchanged. The final sample was denoted as DMONs-0.05.  
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To further investigate the influence of the two-step delayed co-condensation approach to 
prepare superhydrophobic silica, dendritic mesoporous organosilica nanoparticles (DMONs) 
were synthesized through the conventional co-condensation method. In a typical procedure, 
a mixture of TEOS (3.56 ml) and ODMS (0.85 ml) (molar ratio of 0.125) was added to the 
TEA/NaSal/CTAB/water solution all at once while keeping the total silica sources molar and 
all other synthesis parameters constant. The final product was denoted as DMONs-0.125. 
Time-dependent study of the formation of SHDMONs-0.125: The structural evaluation of 
particles was monitored by TEM analysis at different reaction times. In a typical experiment, 
one drop of the reaction solution was collected at different reaction times (15, 30, 45, 60, 
and 90 min, 2, 3, 4, 5, and 6 h), centrifuged, and washed with ethanol prior to TEM analysis.  
Synthesis of DMSNs: For the preparation of dendritic mesoporous silica nanoparticles 
(DMSNs), the procedure was similar to that of SHDMONs, with the only difference that just 
TEOS (4ml) was added as the silica precursor to the water-CTAB-NaSal-TEA solution. 
5.4.3 Materials Characterizations 
Field emission scanning electron microscopy (SEM) images were obtained on a JEOL 7800 
microscope operated at 3 kV. For SEM measurements, the samples were dissolved in 
ethanol and then dropped to the aluminium foil pieces and attached to conductive carbon 
film on SEM mounts. Transmission electron microscopy (TEM) studies were carried out on 
a HT7700-EXALENS operated at 80 kV. The samples for TEM were dispersed in toluene 
by sonication and then supported onto a holey carbon film on a copper grid. The nitrogen 
adsorption-desorption isotherms were measured at 77 K on a Micromeritics ASAP Tristar II 
3020. The samples were degassed under vacuum for 18 h at 110 °C before analysis. The 
total pore volume was calculated from the amount adsorbed at a maximum relative pressure 
(P/P0) of 0.99. The Brunauer-Emmet-Teller (BET) method was used to calculate the specific 
surface area. The pore size distribution was derived from the adsorption branch of the 
isotherms using the Barret-Joyner-Halanda (BJH) method. Elemental analysis (EA) was 
carried out by a CHNS-O Analyser (Flash EA1112 Series, Thermo Electron Corporation). 
X-ray photoelectron spectra (XPS) were collected on a Kratos Axis Ultra X-ray photoelectron 
spectrometer (PerkinElmer). Thermogravimetric analysis (TGA) was conducted on a 
METTLER TOLEDO TGA/DSC1 STARe System under air flow (25-900 ̊C, 5 ̊C min-1). The 
contact angles of water droplets (5 μL) on the samples were measured using a DataPhysics-
OCA20 contact-angle meter. 29Si cross-polarization magic angle spinning (CP-MAS) and 
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13C CP-MAS nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 
III spectrometer with a 7T magnet, Zirconia rotor (4 mm), rotated at 5 kHz.  
5.4.4 Pyrene adsorption studies 
As pyrene is poorly dissolved in water, a stock solution of pyrene (1 mg mL-1) was prepared 
by dissolving 10 mg pyrene in 10 mL of ethanol. Pyrene solutions with various 
concentrations were prepared by dissolving measured quantities of the stock solution into 
ultrapure water, with a further addition of ethanol to ensure that a consistent water to ethanol 
ratio of 2 v/v was maintained (see the supplementary information part for more details, 
Figure 5.S1). To assess the maximum adsorption capacity, adsorption isotherms were 
obtained. In a typical experiment, 1 mg of adsorbent was suspended in 50 mL of aqueous 
solution with the initial pyrene concentrations between 0.001 and 0.02 mg mL-1. The 
prepared mixtures were shaken for 2 h at 150 rpm and room temperature. After removal of 
particles by centrifugation (5000 rpm for 5 min), the equilibrium concentrations of pyrene 
were calculated by UV-vis absorption spectroscopy at 240 nm (UV-2450, Shimadzu 
Company) by using a standard curve obtained by a range of pyrene solutions with known 
concentration at the same water to ethanol ratio (Figure 5.S2).  
The amount of adsorbed pyrene per unit weight of adsorbent (mg g-1) (Qe) was measured 
based on the difference in pyrene concentration before and after adsorption using the 
following equation:  
𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)𝑉
𝑊
    (1), 
where Ci and Ce are the initial and equilibrium concentrations of pyrene (mg mL-1), 
respectively, V (mL) is the volume of the solution and W (g) is the weight of the adsorbents. 
The Langmuir adsorption model was used to study pyrene adsorption using the following 
equation: 
𝐶𝑒
𝑄𝑒
=
1
𝑏𝑄𝑚𝑎𝑥
+
𝐶𝑒
𝑄𝑚𝑎𝑥
    (2), 
where Ce, Qe, b, and Qmax are the equilibrium concentration of pyrene (mg mL-1), the 
adsorption capacity at equilibrium (mg g-1), the Langmuir adsorption constant (mL mg-1), and 
the maximum adsorption capacity (mg g-1), respectively. 
To determine the adsorption equilibrium time, the adsorption kinetic experiments were 
conducted. In a typical procedure, 1 mg of adsorbent was suspended in 50 mL of aqueous 
solution with pyrene concentration of 0.02 mg mL-1. Then the solution was shaken at 150 
rpm and room temperature. At each time point, 1 mL of the solution was taken out and the 
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residual concentration of pyrene was measured as previously described. The experimental 
kinetic data were fitted with the pseudo-second-order kinetic model using the following 
equation: 
𝑡
𝑄𝑡
=
1
𝑘𝑄𝑒
2 +
𝑡
𝑄𝑒
    (3), 
where t, Qt, Qe, and k are time (h), the amount of pyrene adsorbed at time t (mg g-1), the 
amount of pyrene adsorbed at equilibrium (mg g-1), and the adsorption rate constant (g mg-
1 h-1), respectively.  
To evaluate the reusability performance, 1 mg of particles were dispersed in 50 mL of 
aqueous solution with a pyrene concentration of 0.02 mg mL-1 and the adsorption process 
was carried out as described above. After the adsorption experiment, the material was 
washed three times with acetonitrile under 5 min of ultrasonic treatment to elute pyrene and 
then dried at 60 °C until a constant weight was reached.7 This adsorption and desorption 
procedure was repeated five times. The recovery was defined as the ratio of the residual 
adsorption capacity to the initial adsorption capacity.  
     
5.5 Supplementary information 
 
 
Figure 5.S1 Digital images of pyrene dispersed in (a) water, (b) water/ethanol (9 v/v), (c) 
water/ethanol (5 v/v), and (d) water/ethanol (2 v/v). The concentration of pyrene was 
adjusted to be 20 mg L-1. 
Pyrene solubility is limited in water (0.135 mg L-1). In order to measure the adsorption 
capacity of materials with considerably large capacity, a high initial concentration of pyrene 
solution should be used (e.g., as high as 20 mg L-1 in our experiments). To eliminate possible 
precipitation or crystallization of pyrene molecules during adsorption in pure aqueous media 
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or centrifugation processes and the influence on adsorption capacity measurements, an 
ethanol/water mixed solvent was used and the volume ratio of ethanol to water was adjusted. 
As shown in Figure 5.S1a, the pyrene solution in pure water (20 mg L-1) is cloudy and the 
pyrene precipitates could be observed by naked eyes in 2 h (the adsorption time used in our 
experiments) or by centrifugation under the similar conditions used for separation of 
adsorbents after the adsorption process (5 min, 5000 rpm). The precipitation of pyrene was 
further confirmed through UV-Vis measurements in which the absorbance of solution placed 
for 2 h after centrifugation decreased significantly.  
By decreasing the water/ethanol volume ratio from 9 (b) to 5 (c), the pyrene precipitation 
and the decrease in the solution absorbance were reduced. At water/ethanol volume ratio 
of 2 (d), no pyrene precipitation was observed after 2 h or after centrifugation. Also, the 
solution absorption monitoring by UV showed little change. Thus, this ratio of a water/ethanol 
mixed solvent system was used for the whole experiments. 
When the pyrene adsorption was performed in pure ethanol, the adsorption capacity was 
decreased to 483.1 mg g-1 in comparison to 757.5 mg g-1 obtained at a water/ethanol ratio 
of 2, suggesting that a higher ethanol content results in a lower pyrene adsorption capacity. 
This observation can be explained by the high solubility of pyrene in ethanol which could 
decrease the hydrophobic interaction between pyrene and hydrophobic adsorbents.15 
 
 
Figure 5.S2 Standard curve for pyrene solution in water/ethanol system with different 
concentrations.  
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Figure 5.S3 TEM images of SHDMONs-0.5.  
 
 
 
Figure 5.S4 TEM images of the samples obtained at the reaction time of (a) 15 min, (b) 60 
min, (c) 90 min, and (d) 6 h under the conditions for synthesis of SHDMONs-0.125. Scale 
bar is 200 nm. 
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Figure 5.S5 (a) TEM image, (b) N2 sorption isotherm, (c) pore size distribution curve, and 
(d) image of water drop in contact with pressed pellets of DMONs-0.125.  
 
 
 
Figure 5.S6 Reusability performance of SHDMONs-0.125. 
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Figure 5.S7 TEM image of SHDMONs-0.125 after 5 cycle’s pyrene adsorption. 
 
 
 
Figure 5.S8 The kinetic adsorption profiles for pyrene adsorption on DMONs-0.125. 
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Figure 5.S9 (a) SEM image, (b) TEM image, (c) N2 sorption isotherm, and (d) pore size 
distribution curve of DMSNs. (e) Image of water drop in contact with pressed pellets of 
DMSNs and (f) the kinetic adsorption profiles for pyrene adsorption on DMSNs. 
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Figure 5.S10 (a) TEM image, (b) N2 sorption isotherm, (c) pore size distribution curve, and 
(d) image of water drop in contact with pressed pellets of DMONs-0.05.  
 
 
Figure 5.S11 The kinetic adsorption profiles for pyrene adsorption on DMONs-0.05. 
 
 
Chapter 5 Superhydrophobic dendritic mesoporous organosilica nanoparticles with 
ultrahigh-content and gradient organic moieties 
  
97 
 
Table 5.S1 Detailed comparison of pyrene adsorption on various adsorbents. 
Adsorbent Adsorption media Adsorption capacity  (mg g-1) Reference 
Reduced Graphene Oxide Water/acetonitrile 47.5 15 
Metal azolate framework-6-
derived carbon 
Water/methanol 220.0 14 
Commercial activated 
carbon 
Isooctane 147.6 5 
Magnetic carbon spheres Water 77.1 16 
Magnetic carbon silica 
spheres 
Water 175.0 7 
Mesoporous molecular 
sieves 
Isooctane 372.0 11 
SHDMONs-0.125 Water/ethanol 757.5 This work 
SHDMONs-0.125 Ethanol 483.1 This work 
 
 
 
 
Table 5.S2 Langmuir adsorption isotherm parameters of SHDMONs. 
Sample b (mL mg-1) Qmax (mg g-1) R2 
SHDMONs-0.125 1741 777.0 0.99 
SHDMONs-0.25 1587 401.8 0.99 
SHDMONs-0.33 6832 285.9 0.99 
 
 
 
 
Table 5.S3 The fitting parameters of experimental kinetic data to pseudo-second order 
kinetic model.  
Sample k (g mg-1 h-1) Qe (mg g-1) R2 
SHDMONs-0.125 0.018 814.4 0.98 
SHDMONs-0.25 0.131 386.9 0.99 
SHDMONs-0.33 0.302 310.3 0.99 
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Chapter 6  
Dendritic mesoporous carbon 
nanoparticles for ultrahigh and fast 
adsorption of anthracene 
 
 
 
 
 
 
 
 
 
 
In this chapter, we report the successful fabrication of dendritic mesoporous carbon 
nanoparticles (DMCNs) as advantageous anthracene adsorbent for ultrahigh and fast 
adsorption of anthracene. Dendritic mesoporous organosilica nanoparticles (DMONs) with 
the octadecyl-rich framework are utilized to synthesize DMCNs through carbonization 
followed by the removal of silica. The DMCNs show high carbon content, large mesopore 
volume of 1.484 cm3 g-1 and high surface area of 1218 m2 g-1. It is revealed that both of the 
hydrophobic property and highly accessible large surface area contribute to the extremely 
high adsorption capacity towards anthracene (710.0 mg g-1), which is significantly higher 
than that in previous reports. Furthermore, the large radial pores of DMCNs with bimodal 
pore size distributions (2.1 and 18.4 nm) and open pore channels allow much faster 
adsorption kinetics. The developed materials present a great promise for effective and 
efficient remediation of organic pollutant.  
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6.1 Introduction 
Anthracene is a representative of the polycyclic aromatic hydrocarbons (PAHs) family, which 
is chiefly produced during the incomplete combustion of organic materials.1 Anthracene is 
among the most common organic pollutants in water sources and has been categorized 
among priority pollutants owing to its carcinogenic, bioaccumulation, mutagenic, and 
toxicity.2 Additionally, anthracene is a highly hydrophobic compound with low 
biodegradability due to its complex molecular structure and chemical stability.3 Thus, 
efficient removal of anthracene from water is of great significance for public health and 
environmental protection.  
   Among diverse water treatment technologies developed for anthracene remediation, 
adsorption is the most encouraging one because of its simplicity, effectiveness, and 
cheapness.4 Up to now, different types of adsorbents have been advanced for anthracene 
decontamination in aqueous systems.5 Among them, nanomaterials have shown great 
potentials as adsorbents for anthracene.6-9 Araujo et al. developed aluminum doped 
mesoporous silica materials for anthracene elimination.6 An exceptional adsorption capacity 
of 304.7 mg g-1 has been achieved, the highest reported for anthracene adsorption so far, 
by taking advantage of electrostatic interactions between the -electrons of aromatic rings 
of anthracene molecules and the acidic centers created from incorporated aluminum in silica 
framework.6 However, it is suggested that electrostatic interactions are typically poor. Thus, 
it is anticipated that developing nanoadsorbents based on more strong interactions such as 
hydrophobic interactions could further improve the adsorption of anthracene molecules.      
   Carbon-based materials have emerged as promising adsorbents to decontaminate 
anthracene from wastewater,10-14 owing to their intrinsic hydrophobicity.15 Zhang et al. 
reported the fabrication of core-shell nanoparticles with carbon shells and magnetic cores 
for anthracene removal.10 Despite the ease separation of magnetic nanoparticles from 
adsorption media, the adsorption capacity is low (2 mg g-1) due to the limited surface area 
of the dense nanoparticles. In particular, mesoporous carbon materials have recently drawn 
much attention for anthracene adsorption as they provide exceptionally high surface area 
and pore volume compared to their dense counterparts to accommodate organic 
molecules.5 Yang et al. developed dendritic mesoporous silica-carbon nanoparticles 
(DMSCNs) based on the in situ carbonization of surfactant residues for anthracene 
removal.16 DMSCNs with the pore size of  7 nm and the surface area of  600 m2 g-1 show 
an anthracene adsorption capacity of 41.19 mg g-1. It is also revealed that a high carbon 
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content is another important parameter to enhance anthracene adsorption through the 
hydrophobic interaction. Therefore, it is expected that designing a carbon-based adsorbent 
simultaneously with the large surface area and the desired hydrophobicity could further 
improve the elimination of anthracene from contaminated water.  
   Besides the high adsorption capacity, the kinetics of adsorption is another important 
criteria to evaluate an ideal adsorbent for anthracene decontamination.17 Up to now, most 
of the reported anthracene adsorbents show relatively slow adsorption kinetics (typically 
several hours).6-8 It is suggested that due to the “shadow effect”,18, 19 the small pore size and 
long pore channel of porous nanomaterials hinder the efficient mass transfer towards the 
diffusion of anthracene molecules to adsorption sites. Hence, it is expected that a designed 
adsorbent with well-exposed large pores and short pore channels could accelerate the mass 
transfer of anthracene during adsorption and effectively improve adsorption kinetics.20 In 
addition, the highly accessible adsorption sites located on the easily reachable large surface 
area from large mesopores could further improve the adsorption capacity.21 Dendritic 
mesoporous carbon nanoparticles (DMCNs) with large central-radial pore channels and 
highly accessible internal surface areas hold great promises for designing highly efficient 
anthracene adsorbents.20, 22 So far, there are limited reports on DMCNs with large pore size 
because of the absence of a precise nucleation and assembly process between surfactants 
and precursors.16 Very recently, Du et. al reported the successful fabrication of porous 
hollow carbon nanospheres with center-radial mesopore channels in the shells by employing 
dendritic mesoporous silica nanoparticles (DMSNs) as hard templates,22 however, the 
domination of small micropores (1.1 nm) on mesopores and inadequate easily accessible 
surface area (698 m2 g-1) restrict their applicability for efficient removal of organic pollutants. 
To date, it remains challenging to fabricate DMCNs with supreme anthracene adsorption 
performance.  
   In this study, we report the synthesis of DMCNs with high carbon content, large pore size, 
high mesopore volume and highly accessible large surface area through the carbonization 
of octadecyl-rich organosilica followed by silica removal. In our design, inorganic precursor 
tetraethyl orthosilicate (TEOS) and organic precursor octadecyl trimethoxysilane (ODMS) 
are simultaneously introduced into an aqueous solution in the presence of triethanolamine 
(TEA) as the catalyst, cetyltrimethylammonium bromide (CTAB) and sodium salicylate 
(NaSal) as the structure directing agents to form DMONs (Figure 6.1A). ODMS is then 
regularly added to the solution through a stepwise strategy with 30 min intervals to saturate 
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the external surface of DMONs with an exceptionally high amount of octadecyl groups 
(Figure 6.1B). DMSCNs are obtained by treating DMONs with H2SO4 and then carbonization 
under a nitrogen atmosphere (Figure 6.1C). DMCNs with bimodal pore sizes of 2.1 and 18.4 
nm, highly accessible large surface area of 1218 m2 g-1, and a high mesopore volume of 
1.484 cm3 g-1 were obtained by subjecting DMSCNs to selective removal of SiO2 component 
(Figure 6.1D). DMCNs also show a high carbon content of 91% on the external surface. 
When used to eliminate anthracene (E), DMCNs exhibit an outstanding adsorption capacity 
of 710.0 mg g-1 within 60 min which is dramatically higher and faster than those reported for 
other adsorbents.6-10, 16, 23 It is demonstrated that the hydrophobic property and highly 
accessible large surface area of adsorbent are responsible for this performance.  
 
Figure 6.1 Schematic illustration of the fabrication of DMCNs. (A) Surfactants and catalyst; 
(B) Primary dendritic mesoporous organosilica nanoparticles; (C) DMSCNs; (D) DMCNs. (E) 
Illustration of pore walls composition of various adsorbents and subsequent anthracene 
adsorption. 
 
6.2 Results and discussion 
DMSCNs and DMCNs were fabricated through a modification on anion assisted approach 
by using TEOS and ODMS as the silica sources, CTAB and NaSal as the structure-directing 
agents and TEA as the catalyst.24, 25 SEM and TEM were carried out to characterize the 
morphology and structure of DMSCNs and DMCNs (Figure 6.2). SEM images expose the 
spherical morphology of both samples with similar particle sizes of  190 nm (Figure 6.2a-
b). The well-exposed and large pores can be clearly seen on the surface of particles. TEM 
images show that both DMSCNs and DMCNs possess dendritic mesopores with radial pore 
channels (Figure 6.2c-d). High-magnification TEM image reveals that DMSCNs own 
mesopores with the size of > 10 nm and dense walls with the wall thickness of  6 nm (Figure 
6.2e). In comparison, DMCNs show a larger pore size of  18 nm (Figure 6.2f). Furthermore, 
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2-3 nm-sized cavity can be observed in the walls of DMCNs, indicating a bi-layered structure 
of the wall. 
 
Figure 6.2 SEM (a-b), TEM (c-d), and high-magnification TEM (e-f) images of DMSCNs (a, 
c, and e) and DMCNs (b, d, and f). Red lines indicate the cavity in the walls of DMCNs. 
   The textural properties of DMSCNs and DMCNs were characterized by nitrogen sorption 
analysis. The nitrogen sorption isotherms of DMSCNs and DMCNs show characteristic type 
IV isotherms, which indicate that both samples own the mesoporous structure (Figure 6.3a). 
All the other structural parameters of DMSCNs and DMCNs are summarized in Table 6.1. 
The BET surface area, total pore volume and mesopore volume of DMSCNs are 404 m2 g-
1, 0.721 cm3 g-1 and 0.410 cm3 g-1, respectively (Table 6.1). DMCNs show much higher BET 
surface area, total pore volume and mesopore volume of 1218 m2 g-1, 2.237 cm3 g-1 and 
1.484 cm3 g-1, respectively, as the silica part has been removed by selected etching. The 
BJH pore size distribution of DMSCNs shows a broad peak centered at 14.1 nm (Figure 
6.3b), which is the average pore diameter of the dendritic mesopores. In comparison, the 
BJH pore size distribution curve of DMCNs shows bimodal pore distributions at 2.1 and 18.4 
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nm, which is in accordance with the high-magnification TEM observations. The pore size at 
18.4 nm can be attributed to the dendritic mesopores, as DMCNs has replica morphology to 
DMSCNs. The existence of the 2.1 nm-sized cavities in the walls of DMCNs can be 
explained by the formation of the DMONs. It is believed that in the anion assisted approach, 
the dendritic structures are formed through the self-assembled silica-surfactant composites 
with lamellar structures.24, 25 In the early stage of the DMONs formation, a mixture of TEOS 
and ODMS were added as the silica sources. The hydrolysis and condensation rates of 
TEOS are generally much faster than those of organosilica precursors (such as ODMS) 
because organosilica precursors suffer from the conformation and inductive effect of the 
bulk organic spacer.26, 27 Thus, the silica oligomers derived from the hydrolysis and 
condensation of TEOS firstly incorporated with CTAB to form the self-assembled silica-
surfactant composites, resulting in an inorganic silica-rich primary framework of the dendritic 
nanoparticles. An octadecyl group-rich siliceous coating from the hydrolysis and 
condensation of ODMS will further grow on both sides of the primary framework, forming a 
composition gradient of octadecyl groups in the walls of DMONs. This composition gradient 
leads to a carbon composition ingredient in DMSCNs after carbonization and the cavity 
within the walls after the removal of silica. In order to support the proposed formation 
mechanism of the wall cavity, DMSNs were also fabricated by calcination of DMONs at 
550 °C (see the experimental part for more details). The low-magnification TEM image 
discloses that the DMSNs is composed of spherical particles with the dendritic structure 
(Figure 6.S1a). The wall thickness of DMSNs is measured to be 2.7 nm from the high-
magnification TEM image (Figure 6.S1b), which is much thinner than that of DMSCNs. This 
observation supports the existence of component gradient within the walls of DMONs. The 
formation of the hollow cavity within the walls eventually increases the BET surface area, 
total pore volume, and mesopore volume. 
   To collect better insight into the chemical composition of mesoporous nanoparticles, the 
carbon-based dendritic nanoparticles were then studied by EA and TGA. From EA, 
DMSCNs and DMCNs disclosed the total amount of carbon of 35 and 73 wt%, respectively 
(Table 6.1). The largely increased carbon content of DMCNs in comparison with DMSCNs 
indicates the successful removal of the most inorganic silica content by etching treatment. 
In TGA curves (Figure 6.4), the weight loss observed below 200 ̊C is credited with the loss 
of remaining moisture.28 TGA analysis also discloses a significant weight loss at the 
temperature range from 200 to 600  ̊C, 39.8 wt% for DMSCNs and 81.2 wt% for DMCNs, 
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which can be mainly assigned to the combustion of organic content. The weight retention in 
the TGA of DMCNs is attributed to the residue silica in the framework after the etching 
process. The increment in the weight loss is consistent with the increased carbon content 
observed in EA analysis. Notably, the small difference between carbon content measured 
by EA (e.g., 73 wt% for DMCNs) and organic content estimated by TGA (81.2 wt% for 
DMCNs) is contributed to the loss of H and O species during the combustion of organic 
content. 
 
Figure 6.3 (a) N2 sorption isotherms and (b) pore size distribution curves of DMSCNs and 
DMCNs.  
 
Table 6.1 Textural properties, chemical composition and detailed adsorption results for 
nanoparticles. 
Sample dp (nm) a SBET (m2 g-1) b VP (cm3 g-1) c VMes (cm3 g-1) d CEA (%) e CXPS (%) f Q (mg g-1) g 
DMSCNs 14.1 404 0.721 0.410 35 51 261.2 
DMCNs 2.1 & 18.4 1218 2.237 1.484 73 91 710.0 
DMSNs 22.5 717.5 2.589 1.816 0 0 24.7 
a) Pore diameter calculated by BJH method from the adsorption branch (nm); b) BET surface 
area (m2 g-1); c) Total pore volume (cm3 g-1); d) Mesopore volume (cm3 g-1); e) Carbon weight 
percentage estimated by EA; f) Carbon weight percentage estimated by XPS; g) Adsorption 
capacity (mg g-1). 
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Figure 6.4 TGA curves of samples.  
   XPS analysis was carried out to obtain information on the surface chemistry of the 
dendritic nanoparticles. The amount of carbon on the surface of samples is 51% and 91% 
in DMSCNs and DMCNs, respectively. The XPS results suggest both DMSCNs and DMCNs 
show higher carbon content on the external surface than those in bulk, which are in 
accordance with the proposed mechanism of the composition gradient. The enriched 
carbon-based species on the external surface of DMCNs are beneficial for enhanced 
hydrophobic interactions with anthracene molecules. 
   Water and hexane vapor adsorption experiments were conducted to estimate surface 
hydrophobicity of samples.25 The molar ratio of adsorbed water to hexane () of DMCNs 
and DMSCNs is measured to be 0.05 and 0.08, respectively, demonstrating the hydrophobic 
nature of both samples (<0.5).25 The stronger hydrophobic property of DMCNs in 
comparison with DMSCNs is in line with carbon content results from XPS. 
   To evaluate the anthracene removal efficiency of DMCNs and DMSCNs, isotherm and 
kinetic studies were carried out (Figure 6.5). To estimate the anthracene adsorption capacity, 
the adsorption equilibrium isotherms were collected (Figure 6.5a). Langmuir model which 
proposes a homogeneous adsorption surface with all the adsorption sites having identical 
adsorbate affinity was used to fit the adsorption equilibrium data. The Langmuir model 
typically is expressed in the form of: 
𝐶𝑒
𝑄𝑒
=
1
𝑏𝑄𝑚𝑎𝑥
+
𝐶𝑒
𝑄𝑚𝑎𝑥
 
where Ce, Qe, b, and Qmax stand for the equilibrium concentration of anthracene (mg L-1), 
the amount of anthracene adsorbed per unit weight of adsorbent (mg g-1), the Langmuir 
adsorption constant related to the free energy of adsorption (L mg-1), and the maximum 
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adsorption capacity (mg g-1), respectively. The experimental isotherms can be well fitted 
with the Langmuir adsorption model (correlation coefficient R20.99, Figure 6.5b, Table 
6.S1), indicating a monolayer adsorption mechanism.29 The anthracene adsorption capacity 
was measured to be 261.2 and 710.0 mg g-1 for DMSCNs and DMCNs, respectively. The 
higher adsorption capacity of DMCNs compared to DMSCNs is attributed to its larger 
surface area and higher hydrophobic property. Additionally, the occurrence of the 2.1 nm-
sized cavities in the walls of DMCNs may be responsible for higher anthracene adsorption 
capacity in comparison with DMSCNs as these pores are capable to accommodate 
anthracene molecules. It should be also mentioned that the adsorption capacity of DMCNs 
is more than two times higher than the highest value reported to date (304.7 mg g-1)6 which 
mainly relies on its highly accessible large surface area (1218 m2 g-1). Kinetic study displays 
that both of DMCNs and DMSCNs exhibit rapid adsorption rates and reach the equilibrium 
uptake within 120 min (Figure 6.5c). The kinetic results indicate that the large pore size and 
open pore architecture of carbon-based dendritic nanoparticles are beneficial to reduce 
mass transfer limitations. The equilibrium adsorptions for DMSCNs and DMCNs occur about 
in 120 min and 60 min, respectively, advising the quicker adsorption of anthracene 
molecules on more hydrophobic adsorbents. In particular, the equilibrium adsorption 
capacity of DMCNs (60 min) is much shorter than previous reports (typically several hours),7, 
8, 10 highlighting the positive influence of both of the dendritic structure and higher carbon 
content. The kinetics data were well fitted with the pseudo-second order kinetic model 
(correlation coefficient R20.98, Figure 6.5d, Table 6.S2), suggesting that the adsorption 
process happens through the chemical interactions.28   
   To further understand the contributions of surface area and hydrophobic properties of 
adsorbents on anthracene adsorption, hydrophilic DMSNs were also used for anthracene 
adsorption. DMSNs show a typical type IV isotherms, which are the characteristics of 
mesoporous materials. (Figure 6.S2) DMSNs possess pore size of 22. 5 nm, total pore 
volume and mesopores volume of 2.589 cm3 g-1, and 1.816 cm3 g-1, respectively, which are 
larger than those of DMCNs and DMSCNs. (Table 6.1) The BET surface area of DMSNs is 
717.5 m2 g-1, which is smaller than those of DMCNs and DMSCNs. As anticipated, no carbon 
content is detected by EA and XPS. When DMSNs are used for anthracene removal, a 
relatively fast adsorption kinetic of  120 min is also shown. (Figure 6.S3). However, DMSNs 
show a much lower adsorption capacity of 24.7 mg g-1. The significantly lower adsorption 
capacity of DMSNs reveals the key roles of adsorbent hydrophobicity and surface area 
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which contribute to the adsorption capacity. The large pore size of adsorbents contributes 
to the adsorption kinetics for anthracene removal.  
 
Figure 6.5 (a) Adsorption isotherms, (b) Langmuir fitting, (c) the kinetic adsorption profiles, 
and (d) pseudo-second order adsorption kinetics plot for anthracene adsorption on particles. 
The solid lines represent Langmuir fit in (b) and pseudo-second order adsorption fit in (d) 
but in (a and c) they are solid lines through the data points. 
   DMCNs show the best adsorption performance towards anthracene, thus it was selected 
to further study the effect of pH and ionic strength of media on its performance and also 
reusability performance (Figure 6.6). To study the influence of pH on anthracene adsorption, 
the adsorption experiments were conducted in a range of pH values (4 to 10) with 
anthracene initial concentration of 200 mg L-1. Figure 6.6a clearly shows that the pH of the 
solution has no significant effect on anthracene adsorption capacity of DMCNs. This 
observation may be justified by the point that the hydrophobic interactions between 
anthracene molecules and adsorbents are the main driving force in adsorption process, 
which is hardly affected by pH of the solution.30 Thus, by using DMCNs as the adsorbent, 
there is no need to adjust the pH before decontamination process which simplifies the water 
treatment procedures in applications. A series of experiments were also carried out using 
different concentrations of NaCl (0 to 10 mmol L-1) to assess the influence of ionic strength 
on anthracene adsorption capacity of DMCNs. Figure 6.6b evidently display that the ionic 
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strength of the solution has a negligible effect on anthracene adsorption capacity of DMCNs, 
which can be explained by the fact that ionic strength has a negligible influence on involving 
hydrophobic interactions in the adsorption process.30 As a result, DMCNs are proven to be 
advantageous anthracene absorbents with high and stable remediation capability. 
 
Figure 6.6 Effect of (a) solution pH and (b) ionic strength on anthracene adsorption on 
DMCNs. (c) Reusability performance of DMCNs. 
   From a commercial perspective, an ideal adsorbent should reusable. As revealed in Figure 
6.6c, the recovery of anthracene remains more than 92% after five cycles, suggesting 
DMCNs could be repeatedly used in the adsorption process. The slight decrease in recovery 
is probably because of the loss of the adsorbent during the regeneration process.28 
 
6.3 Conclusions  
In conclusion, DMCNs have been fabricated with high surface carbon content, large pore 
size, high surface area, and extraordinary mesopore volume. The obtained particles show 
a brilliant adsorption performance for anthracene removal with an adsorption capacity of 
710.0 mg g-1, which is the highest reported to date. It also shows a fast adsorption kinetics 
to reach the equilibrium within 60 min. The high adsorption performance of DMCNs is stable 
and not influenced by the pH and ionic strength of the adsorption media. It is verified that 
the hydrophobic property and also the highly accessible large surface area of DMCNs are 
the causes behind this performance. The knowledge gained in the work is beneficial for 
designing advantageous adsorbent materials for effective and efficient removal of organic 
pollutants from water systems.  
 
6.4 Experimental section 
6.4.1 Chemicals 
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TEOS, ODMS, CTAB, TEA, NaSal, hydrogen chloride, ethanol, sulphuric acid, and 
cyclohexane were purchased from Sigma-Aldrich. Anthracene was obtained from Riedel-de 
Haen. All reagents were used without further purification. Doubly distilled water obtained 
from a laboratory purification system was used for all experiments. 
6.4.2 Materials synthesis 
Synthesis of DMCNs: In a typical experiment, TEA (68 mg) was dissolved in distilled water 
(25 ml) under vigorous stirring for 30 min at 80 °C. Then NaSal (168 mg) and CTAB (380 
mg) were added to the solution. After intensively stirring for 1 h, a mixture of TEOS (3.8 ml) 
and ODMS (0.38 ml) was added to the above solution. Afterward, extra ODMS was added 
to the solution in four additions (0.38 ml for each addition) every 30 min. The total molar ratio 
of ODMS to TEOS was 0.26. After the last addition of ODMS, the solution was kept stirring 
for 4 h and the precipitates were collected by centrifugation, washed three times with ethanol 
to remove the residual reactants, and then were dried in vacuum at 50 °C for 12 h. DMONs 
were then subjected to an H2SO4-treatment approach before calcination under the nitrogen 
atmosphere.31 In a typical treatment process, DMONs (200 mg) were dispersed in ethanol 
(2 ml) under sonication and then re-dispersed in water (4 ml). After the addition of sulphuric 
acid (0.5 ml), the resultant solution was placed at room temperature for 2 h and was 
succeedingly treated under air atmosphere at 100 °C for 5 h and then at 160 °C for 10 h (at 
a heating rate of 2 °C min-1), followed by treatment under N2 atmosphere at 700 °C (at a 
heating rate of 3 °C min-1) for 6 h. The obtained nanoparticles were denoted as DMSCNs. 
DMCNs were prepared by subjecting DMCSNs to selective etching at the alkaline condition. 
In a typical procedure, DMCSNs (40 mg) were dispersed in 80 ml of sodium carbonate 
solution (0.6 M) and stirred at 60°C for 4 h. The final product was recovered by centrifugation 
at 10000 rpm for 10 min and being washed with ethanol for three times.  
Synthesis of DMSNs: DMSNs were obtained by calcination of DMONs in the air at 550 °C 
for 6 h.  
6.4.3 Anthracene adsorption studies 
The stock solution of anthracene (500 mg L-1) was prepared by dissolving 5 mg of 
anthracene in 10 ml of cyclohexane. A group of anthracene solutions with various 
concentrations (10 to 300 mg L-1) were prepared by adding measured quantities of the stock 
solution into cyclohexane. Anthracene adsorption isotherms by dendritic particles were 
acquired to evaluate the maximum adsorption capacity. In a typical experiment, 2 mg of 
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adsorbent was suspended in 10 ml of cyclohexane solution with a certain concentration of 
anthracene and then shaken for 18 h at 200 rpm and room temperature. After separation of 
particles by centrifugation, the equilibrium concentrations of anthracene in the supernatants 
were detected by UV-vis absorption at 253 nm (UV-2450, Shimadzu Company) by using a 
standard curve obtained by a range of anthracene solutions with known concentrations.32  
The amount of adsorbed anthracene per unit weight of adsorbent (Qe) (mg g-1) was 
measured based on the difference in anthracene concentration before and after adsorption 
using the following equation:  
𝑄𝑒 =
(𝐶𝑖−𝐶𝑒)𝑉
𝑊
    (1) 
where Ci and Ce are the initial and equilibrium concentrations of anthracene (mg L-1), 
respectively, V (L) is the volume of the solution and W (g) is the weight of the adsorbents.  
The adsorption kinetic experiments were carried out to estimate the adsorption equilibrium 
time. In a typical experiment, 2 mg of adsorbent was suspended in 10 ml of cyclohexane 
solution with the anthracene concentration of 200 mg L-1 and then shaken at 200 rpm and 
room temperature. At each time point, 0.1 ml of the solution was taken out and the residual 
concentration of anthracene was measured as previously described. 
All the adsorption experiments were performed in duplicate and the mean values were 
chosen.  
6.4.4 Materials Characterizations 
Scanning electron microscopy (SEM) images were obtained on a JEOL 7800 microscope 
operated at 3 kV. For SEM measurements, the samples were dispersed in ethanol and then 
dropped to the aluminium foil pieces and attached to conductive carbon film on SEM mounts. 
Transmission electron microscopy (TEM) were carried out on a HT7700-EXALENS operated 
at 80 kV. High-magnification TEM images were obtained on a Philips Tecnai F20 FEG-
S/TEM microscope. The samples for TEM were dispersed in ethanol by sonication and then 
supported onto a holey carbon film on a copper grid. The nitrogen adsorption-desorption 
isotherms were measured at 77 K on a nitrogen adsorption device (Micromeritics ASAP 
Tristar II 3020). The samples were degassed under vacuum for 18 h at 110 °C before 
analysis. The total pore volume was calculated from the amount adsorbed at a maximum 
relative pressure (P/P0) of 0.99. The mesopore volume (VMes) was calculated based on a 
previously reported method.33 The Brunauer-Emmet-Teller (BET) method was used to 
estimate the specific surface area. The pore distribution was derived from the adsorption 
branch of the isotherms using the Barret-Joyner-Halanda (BJH) method. Elemental analysis 
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(EA) was conducted by a CHNS-O Analyzer (Flash EA1112 Series, Thermo Electron 
Corporation). X-ray photoelectron spectra (XPS) were collected on a Kratos Axis Ultra X-
ray photoelectron spectrometer (PerkinElmer). Thermogravimetric analysis (TGA) was 
carried out on a METTLER TOLEDO TGA/DSC1 STARe System under air flow (25-900 ̊C, 
5 ̊C min-1). To evaluate the inner pore surface hydrophobicity/hydrophilicity, the adsorption 
of water and hexane vapor was carried out at 25 °C.25 Briefly, the powder sample (20 mg) 
was placed in a glass bottle without a lid and heated to 110 °C under a high vacuum of 0.9 
mbar to remove all impurities for 3 h. After cooling the glass bottle (with a lid) to room 
temperature, the glass bottle (without a lid) was kept in contact with the water or hexane 
vapor for sufficient time at 25 °C. The adsorption capacity of the sample was estimated 
according to the mass change of the sample after the adsorption process using a digital 
microbalance (Model YP/1002, with a sensitivity of 0.1 mg). All adsorption experiments were 
performed in triplicate to ensure the reproducibility of the data. 
 
6.5 Supplementary information  
 
 
Figure 6.S1 (a) Low and (b) high magnification TEM images of DMSNs. 
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Figure 6.S2 (a) N2 sorption isotherm and (b) pore size distribution curve of DMSNs. 
 
 
Figure 6.S3 The kinetic adsorption profile for anthracene adsorption on DMSNs. 
 
Table 6.S1 Langmuir adsorption isotherm parameters of particles. 
Sample 
Langmuir 
b (L mg-1) Q (mg g-1) R2 
DMSCNs 0.00389 261.2 1 
DMCNs 0.00130 710.0 0.9997 
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Table 6.S2 The fitting parameters of experimental kinetic data to pseudo-second order 
kinetic models. 
Sample 
pseudo-second-order 
k (g mg-1 min-1) Qe (mg g-1) R2 
DMSCNs 0.014 280.2 0.989 
DMCNs 0.062 751.6 0.985 
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Rational design of nano-carriers holds the key in modern enzyme immobilization for 
advanced biocatalysis. This chapter reports the of octadecylalkyl-modified mesoporous 
silica nanoparticles (C18-MSN) with a high C18 content (~19 wt%) and tunable pore sizes 
(1.6-13 nm). It is demonstrated that the increased hydrophobic content and a tailored pore 
size (slightly larger than the size of lipase) are responsible for the high performance of 
immobilized lipase. The optimized C18-MSN exhibits a loading capacity of 711 mg g-1, a 
specific activity 5.23 times than that of free enzyme and 93% of initial activity retained after 
5 times’ reuse, which is better than the best performance reported to date. Our findings have 
paved the way towards robust immobilization of lipase for biocatalytic applications. This 
work has been published in Nano Research, 2017, 10, 605-617. 
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7.1 Introduction 
In recent years, the utilization of enzymes as biocatalysts has gathered increasing attention1 
One representative example is lipase (triacylglycerol ester hydrolases, EC 3.1.1.3).2 With 
extraordinary catalytic efficiency and selectivity under environmentally friendly conditions, 
lipase-based catalysts have gained important industrial applications, e.g., in pharmaceutical 
synthesis, food processing and biofuel production.3 To overcome the limitations of native 
lipase including its proclivity to denaturation and the difficulty in recycling, immobilization of 
lipase comprising physical adsorption and chemical attachment approaches has been 
developed.4 As a simple and cost-effective approach, physical adsorption benefits from high 
loading efficiency, but suffers from leaching.5 The chemical attachment approach forms 
covalent bonds between the carrier and enzyme, preventing the enzyme leakage during 
operation.6 Nevertheless, the enzyme loading is relatively low and the enzyme activity may 
be reduced.7, 8 It remains an ongoing challenge to develop a simple approach with high 
activity, high loading and cyclability. 
   The interfacial activation concept has inspired the design of new carriers for lipase 
immobilization with enhanced activity.9-13 It is suggested that the active site of lipase is 
covered by a flexible region, called the lid.14-16 Interaction with a hydrophobic surface shifts 
the lid to an open conformation that makes the active site more accessible.17 Mesoporous 
silica-based materials has been the most commonly used carriers for lipase immobilization 
because of their outstanding features such as tunable textural properties, thermal and 
mechanical stability, and ease of functionalization.18 Jin and co-workers reported the 
increase of immobilized lipase activity along with the increase in surface hydrophobicity of 
a series of mesoporous silica carriers grafted with different functional groups, specifically, 
the most hydrophobic silica nanomaterial demonstrated the highest activity (1.23 times of 
free lipase).19 In a recent breakthrough, Zhou and co-workers reported the hyperactivation 
of lipase immobilized on periodic mesoporous organosilicas (PMOs) with a specific activity 
5.0 times of free enzyme and 86% of initial activity retained after 4 cycles.20 While PMOs 
permit high loading of organic groups in silicate framework, the pore surface has hydrophilic 
hydroxyl terminal groups.21 It is anticipated that a higher hydrophobicity of interface could 
further increase the activity of lipase. 
   The performance of enzyme immobilization is also influenced by both the particle size and 
pore structure of the carrier.22 It was found that a smaller carrier size facilitated the lysozyme 
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adsorption and increased the enzyme loading.23 Takahashi and co-workers reported that 
highly stabilized horseradish peroxidase was achieved only by size matching between pore 
and the enzyme.24 However, the carriers chosen for lipase interfacial activation in previous 
reports exhibit generally large particle sizes (in micron range), resulting in relatively low 
lipase loading (< 600 mg g-1).9-13, 19, 20 Moreover, there is no report on the influence of pore 
sizes of carriers on the lipase activity after immobilization. 
   In this work, we design octadecylalkyl modified mesoporous silica nanoparticles (C18-
MSN) with a high C18 content (19 wt%), adjustable particle and pore sizes (1.6-13 nm). 
C18-MSN with an average particle size of 60 nm and a tailored pore size of 4.6 nm exhibit 
a high lipase loading capacity of 711 mg g-1, an improved specific activity 5.23 times of free 
enzyme and 93% retaining of initial activity after 5 times’ reuse. By comparing with 
hydrophilic MSN and MSN with a less C18 content, it is shown that the increased 
hydrophobicity associated with higher C18 content is the key for opening the lid and 
activating lipase (Figure 7.1) to an extent greater than literature reports.9-13, 19, 20 It is also 
demonstrated that the pore size optimization is responsible for activity retention by 
minimizing the lipase leaching. Collectively, our design using small-sized MSN with a high-
content of C18 groups and an optimised pore size provides a new approach towards rational 
design of nano-carriers for improving the performance of immobilized lipase. 
 
Scheme 7.1 Schematic illustration of the lid opening of lipase. For native lipase (a), the 
active site is partially covered by the lid. The immobilized lipase on pure MSN with a 
hydrophilic nanoenvironment (b) has slightly reduced lid opening. MSN with C18 
modification (c and d) create a hydrophobic interface, causing larger opening of immobilized 
lipase compared to native lipase and lipase loaded in pure MSN. Increasing hydrophobic 
content leads to even enlarged opening, more accessible active site, and eventually 
improved enzymatic activity to convert substrate to product. Objects are drawn not to scale. 
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7.2 Results and discussion 
C18-MSN were synthesized in an aqueous system using cetyltrimethylammonium bromide 
(CTAB) and sodium salicylate (NaSal) as structure-directing agents, triethanolamine (TEA) 
as a catalyst, octadecyltrimethoxysilane (ODMS) and tetraethyl ortho-silicate (TEOS) as the 
silica sources. This approach has been applied to fabricate dendritic hollow mesoporous 
organosilica  nanoparticles using bridged organosilica precursors,25 but not for ODMS with 
C18 terminal groups to induce high hydrophobicity.26 To control the pore size, the NaSal to 
CTAB molar ratio () was adjusted from 0.0 to 0.9. The final products after surfactant 
extraction were denoted as C18-MSN- (see details in Experimental Section). 
   The morphology and structure of C18-MSN- were studied using scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). SEM images of C18-MSN-
 (Figure 7.S1 in Electronic Supplementary Material (ESM)) show that all particles exhibit a 
spherical morphology with relatively uniform particle sizes increasing from 37 to 305 nm with 
 (summarized in Table 7.1). TEM images show that with increasing , both the particle and 
pore sizes of C18-MSN- increase. The typical SEM and TEM images of C18-MSN-0.5 are 
shown in Figure 7.2a and b, showing an average particle size of 60 nm with clearly 
mesoporous nature. 
 
Figure 7.2 (a) SEM and (b) TEM images of C18-MSN-0.5. (c) N2 sorption isotherms and (d) 
pore size distribution curves of C18-MSN. 
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Table 7.1 Textural properties and detailed immobilization results for C18-MSN. 
 in C18-
MSN  
Dp  
[nm]a 
dp  
[nm]b 
S  
[m2g-1]c 
VP  
[cm3g-1]d 
Q  
[mgg-1]e 
Af 
Vmax  
[Umg-1]g 
Km  
[mM]h 
0 37 1.6 219 0.52 114 4.51 - - 
0.4 44 2.0 430 0.64 120 4.39 23.78 0.61 
0.5 61 4.8 450 0.72 711 5.23 28.69 0.66 
0.6 109 6.9 417 0.76 1282 5.70 30.69 0.65 
0.7 152 8.0 409 0.78 1319 5.94 - - 
0.9 305 13.0 349 0.84 1415 6.12 - - 
0.5-Cal 42 5.9 615 1.08 523 0.58 3.44 0.90 
0.5-C18-G 45 5.4 486 0.88 827 2.31 11.89 0.72 
a) Average particle size; b) Pore diameter calculated by BJH method from the adsorption branch; c) BET surface 
area; d) Total pore volume; e) Lipase loading; f) Relative activity; g) The maximum reaction velocity determined 
by kinetic study; h) Michaelis constant determined by kinetic study. 
   Nitrogen sorption analysis was conducted to measure the nanoporous structure. All C18-
MSN- materials exhibit type IV isotherms, characteristic of mesoporous materials (Figure 
7.2c). The adsorption and desorption isotherms do not close at low relative pressure region, 
which suggests the presence of organic groups on the pore surface.27 Without sodium 
salicylate (C18-MSN-0), the pore size is limited to 1.6 nm (Figure 7.2d and Table 7.1), the 
larger pore size of ~ 28 nm is attributed to the interparticle packing voids of small-sized 
particles.28 With increased , the pore size increased to 2.0, 4.8, 6.9, 8.0 and 13.0 nm (=0.4, 
0.5, 0.6, 0.7, 0.9, respectively). The relatively small mesopores centered at 2 nm exist in all 
C18-MSN- (>0.4) with gradually decreased pore volume as  increased, indicating a 
preformed core consisted of small mesopores 25, 29 which is confirmed by electron 
tomography (ET) studies (Figure 7.S2, ESM). With increasing , it is suggested that more 
Sal- penetrated into CTAB micelles, leading to swollen micelles and eventually increased 
pore size (2.0 to 13.0 nm), particle size (44 to 305 nm) and pore volume (0.64 to 0.84 cm3 
g-1). 
   In order to determine the amount of C incorporated in C18-MSN-, elemental analysis 
(EA) was carried out. The quantified weight percentage of C was measured to be 19.1%, 
18.9%, 19.0%, 19.0%, 18.9% and 18.9% in C18-MSN-, (=0, 0.4, 0.5, 0.6, 0.7, 0.9, 
respectively), indicating that all the C18-MSN- samples prepared by the co-condensation 
approach have similar high hydrophobic C18 content. 
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   Lipase with a size of 3.34.25 nm 30 was physically immobilized in C18-MSN- samples. 
The adsorption kinetics, hydrolytic activity, reusability and leaching performance were 
studied (Figure 7.3 and Table 7.1). As seen in Figure 7.3a, the adsorption was very quick 
and saturated in 1 h. C18-MSN-0.9 with the largest pore size and highest pore volume shows 
a maximum loading capacity of 1415 mg g-1, the highest loading capacity reported to date.9-
13, 19, 20 For C18-MSN-0 and C18-MSN-0.4, the loading capacities are limited to 114 and 120 
mg g-1, respectively, indicating that lipase is adsorbed on external surface of particles since 
their pore sizes are smaller than the size of lipase. C18-MSN-0.5 has a relatively large pore 
size of 4.8 nm to accommodate lipase, however its lower mesopore volume compared to 
C18-MSN-0.6, 0.7 and 0.9 leads to a smaller loading capacity.  
 
Figure 7.3 (a) Adsorption kinetics, (b) activity kinetic, (c) reusability and (d) leaching assays 
of immobilized lipases on C18-MSN. 
  Remarkably, more than 90% of adsorption capacity can be reached in less than 15 min, 
faster than most literature reports,9-13, 19, 20 showing the advantage of a high hydrophobic 
content and small-sized particles with well-exposed mesopores. With increased , the lipase 
loading at 5 min reached to 99%, 99%, 98%, 95%, 94% and 91% of the saturated adsorption 
capacity (=0, 0.4, 0.5, 0.6, 0.7, 0.9, respectively). In the case of C18-MSN-0 and C18-MSN-
0.4, lipase adsorption on external surface of carrier results in minimum diffusion path and 
extremely fast adsorption process. When  is further increased (0.5, 0.6, 0.7, 0.9), C18-
MSN- have increased particle size from 61 to 305 nm (see Table 7.1) as a consequence 
of enlarged pore channel length, leading to slightly reduced the lipase adsorption kinetics. 
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   Figure 7.4 displays the Fourier transform infrared (FT-IR) spectra of the C18-MSN-0.5 
particles, the pure lipase and the lipase-bound C18-MSN-0.5. C18-MSN-0.5 show 
characteristic peaks appearing at 935 and 1060 cm−1 which can be assigned to Si-OH and 
Si-O-Si, respectively. The peaks occurred at 2850 and 2920 cm−1 are associated with 
symmetric and asymmetric stretching vibration modes of the CH2 groups.31 The peaks at 
1520 and 1620 cm-1 correspond to stretching vibration of amide I and II bands.32 The 
presence of characteristic peaks of both pure lipase and C18-MSN-0.5 particles in the FTIR 
spectrum of lipase-bound C18-MSN-0.5 confirms the successful immobilization of lipase. 
 
Figure 7.4 FTIR spectra of C18-MSN-0.5, pure lipase, and lipase-bound C18-MSN-0.5. 
Lipase from Candida rugosa was immobilized on C18-MSN-0.5 via physical adsorption.  
   In order to determine the catalytic activity of immobilized lipase, hydrolysis of 4-nitrophenyl 
palmitate (pNPP) was selected as the model reaction (see supporting information for more 
details).33 All immobilized lipases exhibited improved activities compared to the free enzyme 
(see Table 7.1), suggesting the “interfacial activation” of lipase.17 The relative activity 
enhanced to 4.51, 4.39, 5.23, 5.70, 5.94 and 6.12 with increased  (=0, 0.4, 0.5, 0.6, 0.7, 
0.9, respectively), indicating that the catalytic activity of immobilized lipase increases with 
the pore size. In particular, the relative activities of C18-MSN-0.5, 0.6, 0.7 and 0.9 samples 
are higher than the best performance reported to date which employed the model reaction 
in activity assay.20 
   To understand the relationship between the catalytic performance of immobilized lipase 
and the carrier pore size, the enzyme kinetic study was conducted for the free and 
immobilized lipases on C18-MSN-0.4, 0.5 and 0.6 with pore sizes smaller, similar and larger 
compared to the size of lipase, respectively (Figure 7.3b and Table 7.1). Parameters of the 
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Michaelis–Menten model including Michaelis–Menten constant (Km) and maximum initial 
velocity (Vmax) were achieved using a range of substrate concentrations. Km relates to the 
enzyme affinity to substrate and a high value of Km specifies a weak affinity.34 The lower Km 
values for the immobilized lipases than that of the free lipase (0.78 mM) demonstrate the 
enhanced affinity of substrate to lipase driven by the hydrophobic environment.20 
Furthermore, the Km values of immobilized lipases in C18-MSN-0.5 and 0.6 were slightly 
higher than that in C18-MSN-0.4. This may be explained by the lower accessibility of the 
substrate to the immobilized enzyme within the pores of C18-MSN-0.5 and 0.6 with 
increased diffusion limitation.32 The significantly higher Vmax values of the immobilized 
lipases than that of free lipase (5.413 U mg-1) indicate the improved catalytic efficiency. The 
lower activity for lipase immobilized on C18-MSN-0 and 0.4 (Table 7.1) compared to other 
particles suggests that the immobilization of lipase inside the hydrophobic pores is 
advantageous over adsorption on external particle surface for lid-opening and hyper-
activation of lipase. 
   The benefit of an immobilized enzyme compared to the free one is the reusability. After 
activity assay, the samples were recovered and reused in next activity measurement. In 
general, the activity of immobilized lipases decreased with the number of recycling runs 
(Figure 7.3c) and reached to 11%, 12%, 93%, 68%, 54% and 49% of initial activity for C18-
MSN- (=0, 0.1, 0.4, 0.5, 0.6, 0.7 and 0.9, respectively) after 5 cycles. To understand the 
pore size influence on the cycling performance, leaching study was conducted for the 
immobilized lipases on C18-MSN-0.4, 0.5 and 0.6 under similar conditions to activity assay. 
As shown in Figure 7.3d, for C18-MSN-0.4 and 0.6 where lipases respectively immobilized 
on the external surface and inside the pores, the enzyme leakage is serious. However, in 
the case of C18-MSN-0.5 with the pore size slightly larger than the size of lipase, the leached 
amount of lipase after the 5th cycle was less than 10%, indicating that an optimized pore size 
is the key to reducing the lipase leakage and retaining an excellent cycling performance.  
   To further clarify the influence of carrier pore size on the stability of immobilized lipase, the 
pore sizes of C18-MSN after enzyme immobilization were measured (Figure 7.S4). As 
expected, in the case of C18-MSN- (=0, 0.1, 0.4, 0.6, 0.7 and 0.9) where enzyme 
molecules were immobilized on the external surface or inside the pores much larger than 
the lipase dimensions, obvious pore size distribution curves are still observed.35 However, 
for C18-MSN-0.5 which possesses a similar pore diameter slightly larger than the 
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dimensions of lipase, the mesopores almost disappear as judged from the pre size 
distribution curve, suggesting that the mesopores are almost fully occupied by lipase.36 
   Though C18-MSN-0.9 presents the highest loading (1415 mg g-1) and relative activity (6.12) 
in all C18-MSN- samples, its poor stability (49% of initial activity after 5 cycles) due to much 
large pore size (13.0 nm) further supports our proposed mechanism: C18-MSN-0.5 with the 
optimized pore size slightly larger than the lipase size is an ideal candidate for robust lipase 
immobilization for biocatalysis, giving rise to quick adsorption (15 min), high loading capacity 
(711 mg g-1), high relative activity (5.23) and outstanding stability (93% activity retained after 
5 cycles).9-13, 19, 20 
   The superior performance of C18-MSN-0.5 is attributed to not only the optimized pore size 
but also the high hydrophobic content using our synthesis protocol. To understand the 
contribution of hydrophobic content in comparison with the conventional grafting approach, 
C18-MSN-0.5 was selected and subjected to calcination (denoted MSN-0.5-Cal) and 
subsequently C18 grafting by ODMS (MSN-0.5-C18-G). TEM images (Figure 7.5a and b) 
show no significant structural change after calcination or grafting. Similar to C18-MSN-0.5, 
MSN-0.5-Cal and MSN-0.5-C18-G show type IV nitrogen sorption isotherms (Figure 7.5c 
and d). As expected, the removal of the organic moieties via calcination leads to an increase 
in pore diameter, surface area and pore volume to 5.9 nm, 615 m2 g-1 and 1.08 cm3 g-1, 
respectively. The C18 grafting reduces the pore diameter, surface area and pore volume to 
5.4 nm, 486 m2 g-1 and 0.88 cm3 g-1, respectively.31  
   The chemical compositions in as-synthesized C18-MSN-0.5, C18-MSN-0.5, MSN-0.5-Cal 
and MSN-0.5-C18-G were further characterized by 29Si  high power decoupling (HPDEC) 
and 13C cross polarization magic angle spinning (CPMAS) nuclear magnetic resonance 
(NMR) (Figure 7.6a and b). The 29Si NMR spectra of as-synthesized C18-MSN-0.5 and C18-
MSN-0.5 display signals at -112, -103 and -95 ppm which are respectively assigned to Q4 
[Si-(OSi)4], Q3 [Si-(OSi)3(OH)] and Q2 [Si-(OSi)2(OH)2] resonances (Figure 7.6a).37 Two 
additional signals at -68 and -60 ppm correspond to T3 [C-Si(OSi)3] and T2 [C-Si(OSi)2(OH)] 
resonances, respectively, indicating successful co-condensation of C18 groups into the 
framework.38 After ethanol extraction to remove the surfactant, the Q2 content increased 
obviously compared to as-synthesized C18-MSN-0.5 due to the hydrolysis of silica 
framework in the presence of ethanol.39 MSN-0.5-Cal exhibited no distinctive T signals due 
to calcination process and removal of organic content.40 Additionally, the Q4 content 
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increased with the Q3 peak appeared as a shoulder due to further condensation. For MSN-
0.5-C18-G, the peak appeared at -68 ppm is assigned to T3, suggesting the successful 
grafting process. The higher [(T2+T3)/(Q2+Q3+Q4)] of C18-MSN-0.5 compared to MSN-0.5-
C18-G (0.11 vs 0.05) indicates a higher content of incorporated organic group by in co-
condensation than grafting approach (Table 7.S1).41 
 
Figure 7.5 TEM images of (a) MSN-0.5-Cal and (b) MSN-0.5-C18-G. (c) N2 sorption 
isotherms and (d) pore size distribution curves of C18-MSN-0.5, MSN-0.5-Cal, and MSN-
0.5-C18-G. 
 The 13C CPMAS NMR spectrum of as-synthesized C18-MSN-0.5 depicts the presence of 
the characteristic chemical shifts of both CTAB and ODMS (Figure 7.6b and 4.S4, Table 
7.S2).42 In line with 29Si NMR results, the complete extraction of the template in C18-MSN-
0.5 was confirmed by the absence of the characteristic chemical shifts of CTAB (Figure 7.S4 
and Table 7.S2).42 Calcination of C18-MSN-0.5 removed all C18 groups in MSN-0.5-Cal. 
The carbon signals observed for MSN-0.5-C18-G validated the successful post-modification 
process.42  
   The content of organic groups was quantified by EA and X-ray photoelectron spectra 
(XPS). EA and XPS results respectively show a higher weight percentage of C in bulk and 
on the surface of C18-MSN-0.5 (19 and 22.4%) compared to MSN-0.5-C18-G (8.1 and 
14.1%), confirming that the co-condensation method is advantageous over the grafting 
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approach to synthesize MSNs with a higher C18 content. Notably, the higher surface carbon 
content (from XPS) than the bulk one (from EA) demonstrates that the C18 chain has a 
higher exposure degree on surface than in the framework.25 
   The surface hydrophobicity/hydrophilicity was evaluated by measuring contact angles 
(Figure 7.6c, d and e). C18-MSN-0.5 and MSN-0.5-C18-G exhibits hydrophobic property 
with contact angles of 146 and 128°, respectively. The larger contact angle of C18-MSN-0.5 
compared to MSN-0.5-C18-G is consistent with its higher carbon content as measured by 
EA and XPS analysis. Though Si NMR indicates the existence of a relatively higher amount 
of –OH groups on C18-MSN-0.5 compared to MSN-0.5-C18-G, the long C18 terminal chains 
exposed on the external surface assists to shield –OH groups to obtain a hydrophobic 
nanoenvironment.26 As expected, MSN-0.5-Cal presents a contact angle of 20° attributed to 
its hydrophilic silica composition. The inner pore surface hydrophobicity/hydrophilicity was 
assessed by water and hexane vapor adsorption experiments.43 The molar ratio of adsorbed 
water to hexane () was calculated to be 0.01±0.002, 1.12±0.020 and 0.04±0.005 for C18-
MSN-0.5, MSN-0.5-Cal, and MSN-0.5-C18-G, respectively. The results indicate that C18-
MSN-0.5 and MSN-0.5-C18-G have hydrophobic inner mesopore surface properties (˂0.5) 
while MSN-0.5-Cal shows a hydrophilic property (˃0.5), in line with the contact angle 
results.19 
 
Figure 7.6 (a) 29Si HPDEC and (b) 13C CPMAS NMR spectra of as-synthesized MSN-0.5, 
C18-MSN-0.5, MSN-0.5-Cal and MSN-0.5-C18-G. Images of water drops in contact with 
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pressed pellets of (c) C18-MSN-0.5, (d) MSN-0.5-Cal, and (e) MSN-0.5-C18-G. The 
information of C1 to CN can be found in Figure 7.S4 and Table 7.S2, ESM.    
   Finally, the performance of C18-MSN-0.5, MSN-0.5-Cal and MSN-0.5-C18-G was 
assessed for the immobilization of lipase. Compared to C18-MSN-0.5, MSN-0.5-Cal 
exhibited substantially slower adsorption kinetics due to its hydrophilicity but only slightly 
lower adsorption capacity (523 mg g-1) attributed to its higher pore volume (Figure 7.7a).5 In 
contrast, the adsorption equilibrium for MSN-0.5-C18-G was achieved within 1 h and around 
90% of saturated adsorption capacity (827 mg g-1) was reached in 30 min. Compared to 
C18-MSN-0.5, the higher adsorption capacity and a little slower adsorption kinetic of MSN-
0.5-C18-G is attributed to its higher pore volume and lower hydrophobicity, respectively.  
   The relative activities of lipase immobilized in C18-MSN-0.5, MSN-0.5-Cal and MSN-0.5-
C18-G were measured to be 5.23, 0.58, and 2.31, respectively. By correlating the relative 
activity to the hydrophobic content of three materials, it is suggested that lipase immobilized 
in a hydrophilic nanoenvironment such as MSN-0.5-Cal has a conformation with the active 
site partially covered by the lid, creating a decreased activity compared to free lipase (Figure 
7.1). On the other hand, in a hydrophobic nanoenvironment the lid of lipase is exposed. 
Higher hydrophobicity opens the lid wider and thus the active site is more accessible to 
substrates (Figure 7.1), leading to an increment in activity.17 
 
Figure 7.7 (a) Adsorption kinetics, (b) activity kinetic and (c) reusability assays of 
immobilized lipases on C18-MSN-0.5, MSN-0.5-Cal, and MSN-0.5-C18-G. 
   The Michaelis–Menten kinetic study was also conducted (Figure 7.7b and Table 7.1). With 
increasing hydrophobic content, the Vmax value of immobilized lipases increased due to 
interfacial activation, while the Km value decreased indicative of the enhanced affinity of 
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organic substrate to lipase driven by the hydrophobic interaction. After the fifth run in 
reusability assay, the activity fell to 26% for MSN-0.5-Cal, 79% for MSN-0.5-C18-G and 93% 
for C18-MSN-18 (Figure 7.7c). As pore sizes are very similar for the three samples, these 
results further support that a strong hydrophobic environment is beneficial for robust lipase 
immobilization and biocatalysis applications. 
 
7.3 Conclusions  
In summary, we have designed a series of MSN with tailored pore sizes and hydrophobic 
contents for lipase immobilization. It is demonstrated that both an optimized pore size and 
a highly hydrophobic pore surface of MSN are important to achieve fast adsorption, high 
loading, super activity, and improved cycling stability. The new knowledge generated from 
this study is expected to be useful in the design of tailored host materials for advanced 
biocatalysis.   
 
7.4 Experimental section 
7.4.1 Chemicals 
Tetraethyl orthosilicate (TEOS), triethanolamine (TEA), octadecyltrimethoxysilane (ODMS), 
sodium salicylate, cetyltrimethylammonium bromide (CTAB), ethanol, toluene, hydrochloric 
acid (37 %wt), lipase from Candida rugosa and 4-nitrophenyl palmitate (pNPP) were 
purchased from Sigma-Aldrich. Doubly distilled water obtained from a laboratory purification 
system was used throughout the experiments. 
7.4.2 Materials synthesis 
Synthesis of C18-MSN: In a typical synthesis, TEA (68 mg) was dissolved in distilled water 
(25 mL) at 80 °C under intensive stirring for 30 min. After addition of CTAB (380 mg) and 
sodium salicylate (the molar ratio of sodium salicylate to CTAB was adjusted in the range of 
0 to 0.9), the resulting mixture was stirred for 1 h and then TEOS (3.8 ml) and ODMS (0.38 
ml) were added. After further stirring at 80 °C for 2 h, the as-synthesized sample was 
collected by centrifugation, washed for three times with ethanol to remove the residual 
reactants and then dried in air. The as-synthesized samples were extracted at 60 °C for 6 h 
with a solution of hydrochloric acid in ethanol at room temperature to remove the template 
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CTAB for three times. The final products were denoted as C18-MSN-, where  indicates 
the molar ratio of sodium salicylate to CTAB.  
Synthesis of MSN-0.5-Cal and MSN-0.5-C18-G: In a typical procedure, as-synthesized C18-
MSN-0.5 sample was calcined at 550 °C in air for 6 h (named as MSN-0.5-Cal). The calcined 
product (150 mg) was added to toluene (30 mL) and the mixture was stirred for 6 h before 
adding ODMS (0.36 ml). After stirring at 110 °C for 12 h, the product was centrifuged, 
washed with toluene and ethanol, and dried in a fume-hood at room temperature. The post-
modified sample was denoted MSN-0.5-C18-G. 
7.4.3 Materials characterization 
The morphology of the samples were observed using field emission scanning electron 
microscope (FE-SEM, JEOL 7800) operated at 1.5 kV and transmission electron microscope 
(TEM, JEOL 2100) operated at 200 kV. Nitrogen adsorption-desorption isotherms were 
measured at 77 K using a Micromeritics TriStar II system. The samples were degassed 
under vacuum for 18 h at 120 °C before analysis. X-ray photoelectron spectra (XPS) were 
collected on a Kratos Axis ULTRA X-ray photoelectron spectrometer (PerkinElmer). Fourier 
transform infrared (FT-IR) spectra were collected on a Thermo Nicolet Nexus 6700 FTIR 
spectrometer equipped with a diamond attenuated total reflection (ATR) crystal. For each 
spectrum, 64 scans were collected at a resolution of 4 cm−1 over the range 400–4000 cm−1. 
Elemental analyses (EA) were determined by a CHNS-O Analyzer (Flash EA1112 Series, 
Thermo Electron Corporation). The contact angles of water droplets (6 μL) on the samples 
were measured using DataPhysics-OCA20 contact angle meter. The adsorption of water 
and hexane vapors was measured at 298 K using a desiccator equipped with a digital 
microbalance (Model YP/ 1002 with a sensitivity of 0.1 mg).43 In a typical procedure, the 
powder sample (20 mg) was loaded on a glass bottle without a lid and heated to 110 °C 
under a high-vacuum of 0.9 mbar to remove all impurities. After 3 h, the glass bottle (with a 
lid) was cooled to room temperature and then the glass bottle (without a lid) was kept in 
contact with the water or hexane vapor for sufficient time at 25 °C. The adsorption capacity 
of the sample could be calculated according to the mass change of the sample before and 
after the adsorption process. All adsorption experiments were performed in triplicate to 
ensure the reproducibility of the data. 29Si high power decoupling (HPDEC) magic-angle 
spinning (MAS) and 13C cross polarization NMR spectra were recorded on a Bruker Avance 
III spectrometer with 7T magnet, Zirconia rotor, 4 mm, rotated at 5 kHz. 
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7.4.4 Enzymatic assays 
Lipase immobilization: In a typical procedure, 1 mL of lipase solution (1 mg mL-1 in 100 mM 
sodium phosphate, pH 7.4) was mixed with 0.5 mL of particle solution (1 mg mL-1 in 100 mM 
sodium phosphate, pH 7.4). The suspension was shaken at 25 °C on a reciprocal shaker at 
200 rpm. After lipase adsorption, the suspension was centrifuged at 10000 rpm for 5 min at 
room temperature and washed three times with 100 mM sodium phosphate, pH 7.4. The 
lipase concentration was determined by the Bradford method using lipase as the standard, 
and the amount of the loaded lipase was calculated by subtracting the amount of lipase in 
supernatant and washings from the initial lipase content.44 
Lipase activity assay: The hydrolytic activities of the free or immobilized lipases were 
determined by the hydrolysis of 4-nitrophenyl palmitate (pNPP) in an aqueous buffer (100 
mM sodium phosphate, pH 7.4) at 40 °C.33 In a typical experiment, the substrate solution 
was added to the immobilized lipases and shaken at 40 °C on a reciprocal shaker at 110 
rpm. After 15 min, the solution was centrifuged at 10000 rpm for 5 min and the supernatant 
was removed to measure the liberation amount of hydrolysis product, p-nitrophenol (pNP), 
by using a spectrophotometry method (UV-2450, Shimadzu Company) at 410 nm. A blank 
experiment without adding enzyme was carried out following the same procedure. For the 
free lipase, the same amount of lipase was mixed with the substrate solution under the assay 
conditions. One unit of lipase activity was defined as the amount of enzyme which liberates 
1 mmol of pNP per minute under the assay conditions. The relative activity was defined as 
the ratio of specific activity of immobilized lipase to the specific activity of free lipase.  
Reusability assay: The reusability of the immobilized lipases was examined by conducting 
the activity measurement of immobilized lipases according to the above method. 
Immobilized lipases were recovered from the reaction system by centrifugation, washed 
three times with buffer solution to remove all of the substrate and products from the sample 
and applied in the next activity measurement with fresh substrates. 
Leaching assay: To measure the leaching of lipase from the supports, enzyme-loaded 
particles were suspended in 50 mM of Tris-HCl buffer at pH 7.4. At given times intervals, 
the protein content of the supernatants was determined according to Bradford assay. 
Determination of kinetic parameters: The kinetic parameters of the Michaelis–Menten 
equation for the free and immobilized lipases were determined by measuring the initial rates 
of pNPP (0.05–5 mM) hydrolysis under the activity assay conditions. The kinetic constants 
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were obtained by fitting the data to the Michaelis–Menten equation carried out by GraphPad 
Prism 6 software. 
 
7.5 Supplementary information 
 
Figure 7.S1 SEM (a-e) and TEM (f-k) images of C18-MSN-0 (a and f), C18-MSN-0.4 (b and 
g), C18-MSN-0.6 (c and i), C18-MSN-0.7 (d and j), and C18-MSN-0.9 (e and k). 
 
 
 
Figure 7.S2 An ET slice of C18-MSN-0.5 (scale bar is 20 nm). The mesopores with smaller 
size of ~ 2 nm are marked in red and the relatively larger mesopores of ~ 5 nm are 
represented in yellow. 
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Figure 7.S3 Pore size distribution curves of C18-MSN after lipase immobilization.  
 
 
 
Figure 7.S4 Band assignments for 13C CPMAS NMR of (a) as-synthesized C18-MSN-0.5 
and C18-MSN-0.5 and (b) MSN-0.5-C18-G. 
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Table 7.S1 Relative peak area (%) in the 29Si HPDEC NMR spectra of as-synthesized C18-
MSN-0.5, C18-MSN-0.5, MSN-0.5-Cal and MSN-0.5-C18-G. 
sample Q4 Q3 Q2 T3 T2 T/Q 
as-synthesized C18-MSN-
0.5 
65.9 20.1 3.7 6.1 4.2 0.11 
C18-MSN-0.5 56.2 27.3 6.2 6.0 4.3 0.11 
MSN-0.5-Cal 70.8 26.8 2.4 0 0 0 
MSN-0.5-C18-G 74.9 18.7 1.8 4.6 0 0.05 
 
 
 
Table 7.S2 13C CPMAS NMR data for as-synthesized C18-MSN-0.5, C18-MSN-0.5 and 
MSN-0.5-C18-G. In the following data, R and Rʹ are CH2 and CH3, respectively. 
C 
position 
Type of Carbon 
CN N-CH3 (The carbons linked to nitrogen in CTAB carbon chain) 
C1 N-CH2-R (The 1st carbon in CTAB carbon chain) 
C2 R-CH2-R (The 2nd and 3rd carbons in CTAB carbon chain) 
C3 
R-CH2-R (The 4th to 14th carbons in CTAB carbon chain) 
R-CH2-Rʹ (The 15th carbon in CTAB carbon chain) 
C4 R-CH3 (The 16th carbon in CTAB carbon chain) 
C5 
Si-CH2-R (The 1st carbon in ODMS carbon chain) 
R-CH2-Rʹ (The 17th carbon in ODMS carbon chain) 
C6 
R-CH2-R (The 2nd carbon in ODMS carbon chain) 
R-CH3 (The 18th carbon in ODMS carbon chain) 
C7 R-CH2-R (The 3rd to 16th carbons in ODMS carbon chain) 
C8 Si-O-CH3 (The carbon in unhydrolyzed ODMS methoxy carbon chain) a) 
C9 
Si-O-CH2-Rʹ (The 1st carbon in unhydrolyzed TEOS ethoxy carbon chain) 
Si-O-CH3 (The carbon in unhydrolyzed ODMS methoxy carbon chain) a) 
C10 Si-O-R-CH3 (The 2nd carbon in unhydrolyzed TEOS ethoxy carbon chain) 
a As shown in Figure S6, C8 appears for ODMS with one unhydrolyzed methoxy carbon chain while C9 
appears for ODMS with two unhydrolyzed methoxy carbon chains.   
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Chapter 8  
Designed synthesis of organosilica 
nanoparticles for enzymatic biodiesel 
production 
 
 
 
 
 
 
 
 
 
In this chapter, we report the successful fabrication of benzene-bridged dendritic 
mesoporous organosilica nanoparticles (BDMONs) with highly enriched benzene groups in 
the pore channel wall by a delayed addition method. The developed BDMONs were explored 
as nano-carriers for lipase immobilization. This platform exhibited a specific activity 6.5 times 
higher than that of the free enzyme with an excellent reusability, enhanced thermal and pH 
stability. It is demonstrated that both the hydrophobic benzene groups and dendritic large-
pores are responsible for the superior performance of immobilized lipase by comparing with 
dendritic mesoporous silica nanoparticles, ethane-bridged dendritic mesoporous 
organosilica nanoparticles, and benzene-bridged MONs without large-pores. In particular, 
the designed nanobiocatalyst functions better than free enzyme in the transesterification of 
corn oil to produce biodiesel; showing 93% conversion in the first cycle while retaining 94% 
of the initial catalytic ability after 5 cycles. This work has been published in Materials 
Chemistry Frontiers, 2018, 2, 1334-1342. 
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8.1 Introduction 
Lipase-mediated transesterification reaction is regarded as an extremely promising process 
to produce biodiesel with high-purity products under mild and environmentally friendly 
conditions.1 Yet, the application of native lipase is limited mainly by the poor catalytic 
performance.2 Over the past few decades, nanomaterials have played a key part to address 
critical hindrances of fundamental research and also a variety of promising applications, 
such as detection,3, 4 supercapacitors,5 self-assembly of biomolecules,6 and solar energy 
conversion,7 LEDs.8 In particular, immobilization of lipase on desired nanomaterials has 
been developed as an elegant approach to improve the activity of immobilized lipase.9 
Through the interaction with a hydrophobic carrier such as hydrophobically modified silica,10 
periodic mesoporous organosilica,11 graphene oxide,12, 13  or carbon dots14, the configuration 
of lipase molecule is altered, making the active site more accessible and thus enhancing the 
activity. It is also well-documented that the activity of immobilized lipase enhances along 
with the increase of hydrophobic property of the carrier.10 Meantime, the architecture of 
catalyst carriers also plays a crucial role in the catalytic activity improvement.15 In this regard, 
dendritic mesoporous silica nanoparticles (DMSNs) with large central-radial pore channels 
and highly accessible internal surface areas have been lately developed as an excellent 
platform for a wide range of applications.16-18 Immobilized metallic-based (e.g., ruthenium,19 
tantalum hydride,20 and gold21) and enzyme-based (e.g. horseradish peroxidase22) catalysts 
on DMSNs have shown outstanding activity and stability attributed to their unique dendritic 
architecture. The open structure of DMSNs not only facilitates the accessibility of substrate 
to the catalyst but also protects catalyst species embedded in the pore channels against 
harsh conditions.23, 24 Very recently, we report the physical adsorption of lipase on 
octadecylalkyl modified DMSNs.25 High content C18 terminal chains on the pore surface of 
DMSNs created an ideal hydrophobic environment and induced interfacial activation of 
lipase, leading to a specific activity 5.2 times higher than that of free enzyme. However, the 
high density of C18 end groups cause steric hindrance to graft ideal linkers such as aldehyde 
moieties to immobilize lipase through chemical attachment and overcome leaching 
problems.26 Thus, simultaneous control over a highly hydrophobic wall composition, a 
modifiable external surface, and an easily accessible pore structure are of great importance 
to further improve the catalytic performance of chemically immobilized lipase. 
   Mesoporous organosilica nanoparticles (MONs) with various organic bridge groups 
incorporated inside the silica framework have been successfully synthesized to enhance the 
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functionality of silica materials.27 The surface of MONs can be modified with different 
functional moieties through the free hydroxyl groups on their pore surfaces to introduce 
functional moieties and host biomolecules.28, 29 Benzene group grafted silica foam 
demonstrated higher lipase activity compared with those modified with other organic 
groups,10 suggesting that a benzene-bridged carrier could be an ideal platform for lipase 
immobilization. Shi group recently advanced hollow benzene-bridged MONs (BMONs) 
based on a hard-templating approach.30-32 The prepared particles are highly dispersed, 
however, the organic content (7 wt% carbon) is limited for hyperactivation of lipase. Later, 
Yang and co-workers developed a biphasic synthesis approach to synthesize small-sized 
BMONs with a relatively large pore size of 7.6 nm but a limited mesopore volume (0.3 cm3 
g-1).33 Therefore, it is an ongoing challenge to develop BMONs concurrently with a large-
pore dendritic structure, high pore volumes and high hydrophobic contents for lipase 
immobilization.   
   Herein, we report the successful fabrication of monodispersed benzene-bridged DMONs 
with exceptional hydrophobic contents. Our success relies on a designed delayed addition 
strategy in which organic precursor (1,2-bis(triethoxysilyl)benzene (BTEB)) is introduced 15 
min after inorganic precursor tetraethyl orthosilicate (TEOS) into a basic aqueous solution, 
containing triethanolamine (TEA) as catalysts, cetyltrimethylammonium bromide (CTAB) 
and sodium salicylate (NaSal) as templating surfactants (Figure 8.1A). This approach 
provides enough time to form primary dendritic mesoporous silica nanoparticles (Figure 8.1B) 
acting as nucleation sites for subsequent co-condensation of silica sources derived from 
BTEB and remaining TEOS, leading to the formation of benzene groups enriched dendritic 
pore channels (Figure 8.1C). In the conventional method, BTEB and TEOS are added into 
the reaction solution simultaneously, which results in the formation of aggregated 
nanoparticles with irregular shape, dendritic-like pore channels on the surface and much 
lower benzene groups in the wall (Figure 8.1D). After surfactant removal and post-
modification of trimethoxysilane aldehyde (TMSA) (Figure 8.1E), monodispersed BDMONs 
are covalently bound with lipases to avoid leaching of enzymes (Figure 8.1F), which show 
a superior catalytic activity (6.5 times higher than that of the free enzyme), outstanding 
reusability, enhanced thermal and pH stability. In addition, by comparison with the 
performance of dendritic mesoporous silica nanoparticles (DMSNs), BDMONs with small 
pores and ethane-bridged dendritic mesoporous organosilica nanoparticles (EDMONs), it is 
concluded that the extraordinary performance of immobilized lipase on BDMONs relies on 
Chapter 8 Designed synthesis of organosilica nanoparticles for enzymatic biodiesel 
production  
 
142 
 
the increased hydrophobic content and uniform dendritic structure. This designed 
nanobiocatalysis shows a great potential in the production of biodiesel with 93% conversion 
activity and high reusability (94% after 5 cycles). 
 
Scheme 8.1 Schematic illustration of the proposed mechanism of the delayed addition 
method for synthesis of BDMONs and subsequent lipase immobilization on BDMONs. (A) 
Surfactants and catalyst; (B) Primary dendritic mesoporous silica nanoparticles; (C) 
BDMONs with benzene groups enriched dendritic pore channels; (D) Aggregated BDMONs 
obtained by the conventional approach with same time addition of BTEB and TEOS into the 
reaction solution. (E) BDMONs after surfactant removal and post-modification of TMSA; (F) 
BDMONs with covalently bond lipase. 
 
8.2 Results and discussion 
Benzene-bridged dendritic mesoporous organosilica nanoparticles (BDMONs) were 
synthesized by a delayed method shown in Figure 8.1. To further control organic group 
content, BTEB to TEOS molar ratio (y) was adjusted from 0.5 to 1. The final products after 
surfactant extraction were denoted as BDMONs-x-y, where x and y indicate the time gap 
between the addition of TEOS and BTEB and the molar ratio of BTEB to TEOS, respectively 
(see details in Experimental section and Table 8.S1).  
   Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were 
used to characterize the morphologies and structures of synthesized particles. Low-
magnification SEM images (Figure 8.2a-c) of BDMONs-15-y reveal that all samples are 
spherical in shape with a uniform size of around 196, 195, and 198 nm (y=0.5, 0.67, and 1, 
respectively). The opening pores on the surface of particles and dendritic structures can 
also be clearly seen from high-magnification SEM images (Figure 8.2e-g). From the TEM 
images of BDMONs-15-y (Figure 8.2i-k), it can be evidently observed that these particles 
have dendritic pore structure and an excellent dispersity. In other synthesis conditions such 
as increasing BTEB to TEOS molar ratio to 1.5 (Figure 8.S1) or shorter/longer delay time 
(Figure 8.S2), the dispersed dendritic structure with large opening pores was lost. Thus, the 
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obtained samples were not included in the following studies. Nitrogen sorption analysis was 
carried out to explore the porosity of BDMONs-15-y. All nitrogen adsorption isotherms of 
BDMONs-15-y (Figure 8.3a) show a type IV curve. The corresponding pore size distribution 
curves (Figure 8.3b) exhibit a similar peak centered at 13.9 nm for BDMONs-15-0.5, 
BDMONs-15-0.67 and BDMONs-15-1. The BET surface area and the total pore volume are 
measured to be 552 m2 g-1 and 0.90 cm3 g-1 for BDMONs-0.5, 729 m2 g-1 and 1.11 cm3 g-1 
for BDMONs-0.67, and 677 m2 g-1 and 1.09 cm3 g-1 for BDMONs-1, respectively (Table 8.1). 
To understand the influence of BTEB addition time point on particle structures, BDMONs-0-
0.5 was prepared under the conventional approach by simultaneous addition of TEOS and 
organic precursors.28, 31, 32, 34-36 BDMONs-0-0.5 show big clusters formed by the irregular 
shape of particles (around 110 nm in size) with some dendritic-like pore channels on the 
surface (Figure 8.2d, h, and l). The nitrogen sorption analysis of BDMONs-0-0.5 shows a 
broad pore size distribution curve centered at 14.0 nm (Figure 8.3b). The BET surface area 
and the total pore volume of BDMONs-0-0.5 is 426 m2 g-1, and 0.91 cm3 g-1, respectively 
(Table 8.1). 
   To gain information on the distribution of organic contents in BDMONs-x-y, samples were 
characterized by elemental analysis (EA) and X-ray photoelectron spectroscopy (XPS). As 
expected, with increasing the initial molar ratio of BTEB to TEOS, the total carbon content 
in bulk sample measured from EA rises from 23.2±0.3% for BDMONs-15-0.5 to 27.4±0.4 
and 29.9±0.3 wt% for BDMONs-15-0.67 and BDMONs-15-1, respectively (Table 8.1). The 
carbon contents on sample surface determined from XPS are 38.8±0.2%, 40.5±0.4%, and 
40.3±0.3% in BDMONs-15-y (y = 0.5, 0.67, and 1, respectively), higher than those values in 
bulk samples. These results suggest that BDMONs-15-y samples have enriched benzene 
groups on the surface. In contrast, the carbon content of BDMONs-0-0.5 measured by EA 
(23.4±0.2%) and XPS (22.4±0.5%) is very close but much lower than those of BDMONs-15-
y (Table 8.1), indicative of the fairly uniform distribution of benzene groups for BDMONs-0-
0.5 sample but lack of organic groups in the pore channels.  
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Figure 8.2 SEM (a-h) and TEM (i-l) images of BDMONs-15-0.5 (a, e, and i), BDMONs-15-
0.67 (b, f, and j), BDMONs-15-1 (c, g, and k), and BDMONs-0-0.5 (d, h, and l). Scale bar 
is100 nm. 
 
Figure 8.3 (a) N2 sorption isotherms and (b) pore size distribution curves of BDMONs-15-
0.5, BDMONs-15-0.67, BDMONs-15-1, and BDMONs-0-0.5.      
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Table 8.1 Textural properties, chemical composition and detailed immobilization results for 
nanoparticles. 
Sample Dp a) dp b)  SBET c)  VP d) CEAe) CXPS f) A g) 
BDMONs-15-0.5 196 13.9 552 0.9 23.2±0.3 38.8±0.2 5.7 
BDMONs-15-0.67 195 13.9 729 1.11 27.4±0.4 40.5±0.4 6.3 
BDMONs-15-1 198 13.9 677 1.09 29.9±0.3 40.3±0.3 6.5 
BDMONs-0-0.5 NA 14.0 426 0.91 23.4±0.2 22.4±0.5 4.9 
DMSNs 165 16.5 577 1.05 0 0 0.75 
BONs-SP 76 3.6 478 1.09 29.8±0.2 40.2±0.3 5.4 
EDMONs-15-1 201 16.4 249 0.44 10.8±0.1 15.0±0.4 4.1 
a) Average particle size (nm); b) Pore diameter calculated by BJH method from the adsorption 
branch (nm); c) BET surface area (m2g-1); d) Total pore volume (cm3g-1); e) Carbon weight 
percentage estimated by EA; f) Carbon weight percentage estimated by XPS; g) Relative 
activity. 
   Water and hexane vapor adsorption experiments were carried out to estimate surface 
hydrophobicity of samples.37 The molar ratio of adsorbed water to hexane () of BDMONs-
15-y sample is similar with 0.0083±0.002, 0.0078±0.002 and 0.0074±0.002 for BDMONs-
15-0.5, BDMONs-15-0.67 and BDMONs-15-1 respectively, demonstrating hydrophobic 
nature of mesopore surface for all samples (<0.5).10 Comparing to BDMONs-15-y samples, 
BDMONs-0-0.5 show an increased  value, suggesting less hydrophobic groups. These 
results are consistent with carbon content results from XPS.  
   BDMONs-15-1 with a relatively higher carbon content was chosen for further 
characterization to confirm organic groups in the framework. The dark-field scanning 
transmission electron microscopy (DF-STEM) and energy dispersive spectroscopy (EDS) 
elemental mapping of Si, O, and C elements in the framework of BDMONs-15-1 (Figure 
8.4a-d) evidently demonstrates the uniform distribution of C in the hybrid framework. In the 
13C cross-polarization magic angle spinning (CPMAS) nuclear magnetic resonance NMR 
spectrum of BDMONs-15-1, distinct resonances at 132 ppm indicate the presence of 
benzene group (Figure 8.4e).28 The 29Si MAS NMR spectrum confirms the presence of both 
inorganic and organic moieties in BDMONs-15-1 (Figure 8.4f). The two resonances at -105 
and -114 ppm are assigned to the Q3 (Si(OSi)3(OH)) and Q4 (Si(OSi)4) sites, originated from 
TEOS, while resonances at −66, −74, and −83 ppm correspond to T1 (C-Si(OSi)(OH)2), T2 
(C-Si(OSi)2(OH)), and T3 (C-Si(OSi)3) sites, respectively, representing the successful 
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integration of benzene groups into the framework (Figure 8.4f).28 To gain insight on the 
organic content of BDMONs-15-1, the integrated peak area measurements on a percentage 
basis for Q and T signals were conducted. The ratio of [(T1+T2+T3)]/[(T1+T2+T3)+(Q1+Q2)] of 
BDMONs-15-1 is calculated to be around 0.60, suggesting a high content of the incorporated 
organic groups.25 It can be concluded that the delayed addition approach plays a crucial role 
in the fabrication of BDMONs with desired high hydrophobic pore channels. 
 
Figure 8.4 (a) Dark-field STEM image, (b-d) corresponding EDS mapping of Si, O and C 
elements in the framework of BDMONs-15-1; (e) 13C CPMAS and (f) 29Si HPDEC NMR 
spectra of BDMONs-15-1. 
   To shed light on the key role of addition time gap between two silica sources on the 
formation of well-defined spherical and uniform particles, time-dependent experiments were 
conducted for the synthesis of BDMONs-0-0.5 and BDMONs-15-0.5 (see the experimental 
part for details). TEM analysis was applied to monitor the structural evolution over the 
reaction time (Figure 8.S3). For sample BDMONs-0-0.5, nonporous amorphous silica seeds 
(10 nm) are observed at 15 min reaction (Figure 8.S3 a1), which develop into aggregated 
larger particles (50 nm, Figure 8.S3 b1) at 30 min. By extending reaction time to 1h, small 
dendritic mesopores can be seen on the surface of aggregated nanoparticles (Figure 8.S3 
c1), and the dendritic-like pores are more distinct at the reaction time of 3h (Figure 8.S3 d1). 
There is no significant change in structure afterward (Figure 8.S3 e1 and f1).  For BDMONs-
15-0.5, well-defined dendritic mesoporous silica nanoparticles have already formed with a 
particle size of around 100 nm and opening large pore size of 12 nm at the reaction time 
of 15 min before addition of BTEB (Figure 8.S3 a2). It is suggested that because of the high 
miscibility and strong electrostatic attraction between Sal− and CTA+ micelles,34 the 
hydrophobic part of Sal− moves into the hydrophobic region of micelles and increases the 
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packing parameter (g) which induces the micelles structural transition toward 
vesicular/lamellar structure and eventually form the central radial structure.38 After adding 
BTEB, the particle size steadily increases from 110 nm at 30 min (Figure 8.S3 b2) to 120 
nm at 1h (Figure 8.S3 c2) and the wall thickness tends to be thicker (around 5 nm vs 7 nm) 
as reflected by the higher contrast under TEM observation, indicating the further deposition 
and assembly of organic/inorganic silica sources. By prolonging the reaction time, the 
dispersity of dendritic particles improves and the particle size reaches 161 nm at 3h (Figure 
8.S3 d2), 173 nm at 6h (Figure 8.S3 e2) and finally 196 nm at 18h (Figure 8.S3 f2).  
   For the conventional method with BTEB and TEOS added to the reaction solution at the 
same time, it was witnessed that small oil drops were formed by BTEB because of its 
strongly hydrophobic nature as well as slow hydrolysis and condensation rate under basic 
conditions.39 TEOS is intrinsically hydrophobic, thus TEOS mixed with BTEB will 
preferentially stay inside the oil phase at the beginning of the reaction; supported by the 
observation that a longer time was required to form a white solution compared to delayed 
synthesis approach with a similar amount of TEOS. As reaction time prolongs, the 
hydrolysed organosilica species will forms that own lower charge density than inorganic 
silica species derived from TEOS and consequently hinders the interaction between 
negatively charged silica species and positively charged Sal−/CTA+ templates under basic 
condition.34 That is the reason why cross-linked amorphous organosilica is formed without 
defined mesostructure within the first 1 h. It takes a longer time to generate hydrolysed silica 
species with sufficient net negative charge to assemble with Sal−/CTA+ surfactants into 
porous hybrid structures, but with aggregated ill-defined morphology. In contrast, well-
defined dendritic spherical structures are formed as early as 15 min after addition of TEOS 
in the delay method, which act as seeds for the accumulation of silica silicate anions derived 
from small remaining TEOS and BTEB sources added at 30 min. The reported study on 
particle growth stated that as the hydrolysis and condensation time of silica sources 
increased, the final product tended to form larger and less homogeneous particles.40 It can 
be concluded that pre-hydrolysis and condensation time of inorganic silica sources can be 
utilized to control the final hybrid organosilica shape and organic group distribution in the 
particles. 
   Lipase with a size of 3.34.25 nm,25 mostly used for biofuel production, was immobilized 
on BDMONs through a covalent method to avoid the leaching problems during reuse 
process.41 Aldehyde groups were first grafted on the surface of BDMONs (Figure 8.1E), 
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which was then reacted with the free amino groups of the lipase molecules to form covalent 
bonds (Figure 8.1F). To examine covalent binding of lipase on aldehyde-functionalized 
BDMONs samples, BDMONs-15-1 before and after modification and lipase immobilization 
was monitored using FT-IR analysis. As shown in Figure 8.S4, Aldehyde-BDMONs-15-1 
displays peaks at 935 and 1060 cm-1 which are associated with stretching vibration modes 
of Si–OH and Si–O–Si, respectively.42 The peaks at 2980 and 1150 cm-1 are assigned to 
stretching vibration modes of C–H and Si–C of the benzene group, respectively.43 The 
characteristic peaks appearing at 1380 and 1600 cm-1 can be attributed to stretching 
vibration modes of C=C.43 The peak at 1725 cm-1 is associated with the stretching vibrations 
of C=O bond in aldehyde groups, representing the successful aldehyde modification for 
Aldehyde-BDMONs-15-1 sample.44 For pure lipase, the bands at 1530 and 1650 cm-1 are 
characteristic of the stretching vibrations of amide І and ІІ bands, respectively.45 The FTIR 
spectrum of Lipase-Aldehyde-BDMONs-15-1 shows the absorption peak at 1680 cm-1 which 
is characteristic of the stretching vibrations modes of the C=N bond, authorizing the 
successful covalent attachment of lipase molecules on the particles via formation of amide 
bonds between aldehyde groups (Figure 8.1F) on the surface of particles and amino groups 
of enzyme molecules.44 BDMONs-15-0.5, 0.67, and 1 samples displayed maximum 
adsorption capacities of 277, 274, 273 mg g-1, respectively. The similar adsorption capacity 
of these samples may be attributed to the surface chemistry of BDMONs-15-y in which the 
similar surface carbon contents (around 40 wt%) results in comparable linkage of aldehyde 
groups and subsequent lipase attachment. It should be noted that in this study a 
comparatively similar low lipase loading of 50 mg g-1 (see details in the experimental section) 
was designed for all materials to simplify the assessment of the surface chemistry effect on 
the catalytic performance and stability of the immobilized lipase. The immobilization 
efficiency was about 100% for all samples. 
   The hydrolytic reaction of pNPP was carried out as the model reaction to evaluate the 
enzymatic activity of the free and immobilized lipases, based on the catalytic activity curves 
of tested samples (Figure 8.S5) and activity calculation equation (see details in Experimental 
part). Relative activity of 5.7, 6.3, 6.5, and 4.9 is achieved for BDMONs-15-0.5, BDMONs-
15-0.67, BDMONs-15-1, and BDMONs-0-0.5, respectively (Figure 8.5a). Compared to the 
free lipase, all nanobiocatalyst systems display significantly enhanced activities, contributed 
by “interfacial activation” of lipase via the hydrophobic property of BDMONs.9 BDMONs-15-
y samples show much higher catalytic activity than BDMONs-0-0.5, due to the increased 
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hydrophobic benzene groups in the wall of pore channels for lipase hydrophobic lid 
opening.10, 11, 25 In addition, BDMONs-15-y with dispersed properties may enhance the 
substrate diffusion into the dendritic mesopores and accessibility to enzymes, compared to 
aggregated BDMONs-0-0.5.15 The slight promotion of immobilized lipase activity with 
increasing molar ratio of BTEB to TEOS could be explained by the slightly increased 
benzene group contents. The relative activities of all BDMONs-15-y samples are higher than 
those in previous reports (see Table 8.S2) highlighting the superior performance of designed 
BDMONs for hyperactivation of lipase.  
 
Figure 8.5 (a) Activity performance of free and immobilized lipases. The relative activity was 
defined as the ratio of the activity of immobilized lipase to the activity of free enzyme. (b) 
Reusability performance of immobilized lipases. The relative activity was defined as the ratio 
of the residual activity to the initial activity. (c) Thermal and (d) pH stability performance of 
free and immobilized lipases. For thermal stability, the relative activity is defined as the ratio 
of the residual activity to the initial value measured at 30 °C (the initial activity is defined as 
100%). For pH stability, the relative activity is defined as the ratio of the residual activity to 
the initial value measured at pH 8 (the initial activity is defined as 100%). 
   Reusability is the key advantage of the immobilized lipase over the free one.46 To evaluate 
the reusability, the samples were used in five cycles for the hydrolysis of pNPP. As 
presented in Figure 8.5b, all samples show an exceptional reusability performance, retaining 
99% of initial activity after 5 cycles, highlighting the advantage of the covalent attachment 
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method to eliminate the lipase leakage during the reuse process of these lipase immobilized 
nanocatalysts. 
   Thermal and pH stabilities are the critical requirement for industrial application of 
enzymes.41, 46 Figure 8.5c presents the thermal stability performance of free lipase and 
lipase immobilized on BDMONs-15-1. The activity of free lipase sharply decreases for 
temperatures over 50 °C, maintaining only 3% of its original activity at 70°C. On the contrary, 
immobilized lipase on BDMONs-15-1 shows a significantly improved thermal stability 
performance under the same conditions, 57% activity retention after incubation at 70 °C, 
proposing that lipase molecules fitted within the pores of BDMONs-15-1 are more sheltered 
against higher temperatures.47 As shown in Figure 8.5d, the pH stability curves of free and 
immobilized enzymes display a similar trend and a same maximum activity at pH 8.0 (relative 
activity was measured to be 6.52 times higher than that of free enzyme). However, the 
immobilized lipase show higher stability towards alkaline or acidic conditions compared to 
free lipase (e.g. 0.97 vs 0.9 at pH 9.0 and 0.15 vs 0.02 at pH 3.0), contributed by the 
protection of enzymes immobilized within pores against harsh conditions.47 
   To understand the reasons for superior performance of lipase immobilized on BDMONs-
15-1, several control carriers were prepared for comparison. BDMONs-15-1 was subjected 
to calcination to evaluate the effect of nanoenvironment hydrophobicity on the lipase activity. 
Calcined sample named as DMSNs possesses similar structure as BDMONs-15-1 but with 
pure inorganic silica composition (Figure 8.S6 and Table 8.1). With a similar loading capacity 
of lipase (50 mg g-1), lipase immobilized on DMSNs show a relative activity of only 0.75 
(Figure 8.5a and Table 8.1). The sharp decline of activity compared to that for BDMONs-15-
1 is correlated with the conformational change of lipase in a hydrophilic nanoenvironment in 
which active site is partially covered by the lid with reduced activity.10 In comparison with 
BDMONs-15-1, DMSNs demonstrate much weaker thermal and pH stability protection of 
lipase (Figure 8.5c and d), evidently the crucial role of hydrophobic microenvironment for 
enhancement of catalytic activity and stability of immobilized lipase molecules under harsh 
conditions.  
   To explore the contribution of dendritic large pores on the performance of the immobilized 
lipase, benzene-bridged organosilica nanoparticles with a small pore of 3.6 nm (Figure 8.S7 
and Table 8.1) were synthesized without the addition of co-surfactant NaSal while keeping 
the other synthesis parameters same as BDMONs-15-1 (see experimental section for more 
details). The final product after surfactant extraction was denoted as BONs-SP. The relative 
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activity is measured to be 5.4 (Figure 8.5a and Table 8.1), lower than that for BDMONs-15-
1 with similar carbon contents (Table 8.1), indicating the advantageous effect of 
immobilization of lipase inside the hydrophobic dendritic large pores over immobilization on 
the external surface of BONs-SP to induce the lid opening.25 As shown in Figure 8.5c and 
d, BONs-SP improve the thermal and pH stability of immobilized lipase but is not comparable 
to BDMONs-15-1. These results suggest that a dendritic structure is beneficial for superior 
protection of immobilized lipase against harsh conditions. In terms of activity promotion, 
hydrophobic benzene groups obviously contribute more than dendritic structure.  
   To verify the advantages of benzene groups in silica framework over other organic groups 
(such as ethane groups), EDMONs-15-1 was prepared simply by substituting BTEB by 
BTEE (see experimental section for more details). EDMONs-15-1 also possess dendritic 
structure, spherical morphology, and a relatively bigger pore size of 16.4 nm (Figure 8.S8 
and Table 8.1). The measured bulk and surface carbon contents (10.8±0.1 wt% and 
15.0±0.4 wt%, respectively) were lower than those for BDMONs-15-1, as the same molar 
amount of BTEE contributes less carbon amount than BTEB. The relative activity of lipase 
immobilized on EDMONs-15-1 is measured to be 4.1 (Figure 8.5a), much lower than that 
for BDMONs-15-1 (see Table 8.1), suggesting that our intentional choice of BTEB as the 
organosilica precursor plays a key role to create an exceptional organic content to open the 
lipase lid wider than BTEE for further improved activity. The thermal and pH stability 
performance of the EDMONs-15-1 sample is improved compared to free enzyme but is 
weaker than that for BDMONs-15-1 (Figure 8.5c and d). Above experiments collectively 
reveal that superior performance of BDMONs-15-1 in promoting lipase activity and stability 
is risen from its unique features such as dendritic structure, dispersity, and more importantly 
tailored high hydrophobic content. 
   Immobilized lipase on BDMONs-15-1 show the best performance among the samples, 
hence was further used to catalyse the transesterification reaction of corn oil. As expected, 
BDMONs-15-1 exhibits significantly higher conversion of soybean oil to biodiesel (93%, 
Figure 8.6) in comparison to free enzyme (14%). Figure 8.6 also represents the excellent 
reusability performance of immobilized lipase in BDMONs-15-1, retaining 94% of its original 
conversion capability after running 5 cycles, which is attributed to the full recovery of the 
biocatalysis as well as the chemical attachment of lipase on the particles, inhibiting enzyme 
leakage during experiments.48, 49 
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Figure 8.6 Reusability performance of lipase immobilized on BDMONs-15-1 for biodiesel 
production. 
   The effect of organic solvents on the stability of immobilized lipase on BDMONs-15-1 was 
studied using acetone and hexane. The immobilized lipase was treated with the solvent for 
a period of time, then the solvent was separated by centrifugation, and finally, the 
immobilized lipase was dried under vacuum and used for lipase activity measurement at 
conditions described above. The residual activity was defined as the ratio of the activity of 
treated immobilized lipase to the activity of the untreated immobilized lipase. The tolerance 
of the immobilized lipase is excellent for hexane for which the activity is maintained during 
incubation (Figure 8.S9) suggesting the benefit of fitting lipase molecules within the carrier 
pores. However, the lipase lost 80% of activity by exposure to acetone for 120 min which 
could be because of the fact that the more polar solvents on which water is highly miscible 
could strip off the essential water layer around the enzyme molecule and thus alter the 
catalytic conformation of the enzyme.50 
 
8.3 Conclusions  
In summary, an innovative delayed addition method has developed to fabricate 
monodispersed BDMONs with enriched benzene groups in the channel wall for lipase 
immobilization. It is demonstrated that the exceptional hydrophobic content and unique 
dendritic large pores of BDMONs are essential keys to create immobilized lipase with 
superior activity, excellent reusability and enhance thermal/pH stability for biodiesel 
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production. The advanced nanobiocatalysis system obtained from this work is of great 
promise in biocatalysis applications.  
 
8.4 Experimental section 
8.4.1 Chemicals 
All chemicals were used as received without further purification. Cetyltrimethylammonium 
bromide (CTAB), triethanolamine (TEA), sodium salicylate (NaSal), tetraethyl orthosilicate 
(TEOS), 1,2-bis(triethoxysilyl)benzene (BTEB), 1,2-bis(triethoxysilyl)ethane (BTEE), 
hydrogen chloride, toluene, ethanol, methanol, lipase from Candida rugosa, 4-nitrophenyl 
palmitate (pNPP) and corn oil were purchased from Sigma-Aldrich. Trimethoxysilane 
aldehyde (TMSA) was purchased from United Chemicals Technologies. Doubly distilled 
water obtained from a laboratory purification system was used for all experiments. 
8.4.2 Materials synthesis 
Synthesis of BDMONs. In a typical synthesis, TEA (34 mg) was dissolved in distilled water 
(12.5 ml) at 80 °C. After intensive stirring for 30 min, CTAB (190 mg) and NaSal (42 mg) 
were added and the solution was kept stirring for 1 h. TEOS (1.34 ml) was added to the 
solution under stirring for 15 min, followed by the addition of BTEB (1.17 ml, molar ratio of 
BTEB to TEOS was 0.5). The reaction solution was kept stirring for 18 h. The precipitates 
were collected by centrifugation at 20000 rpm for 15 min and then washed three times with 
ethanol to remove the residual reactants. The as-synthesized samples were extracted at 
70°C for 6 h in acidic ethanol (3 mL of 37% HCl in 50 ml of absolute ethanol) for three times 
to remove the template CTAB. For comparison, other BDMONs were prepared with a molar 
ratio of BTEB to TEOS was 0.67, 1 or 1.5, while keeping the total silica sources molar and 
all other synthesis parameters constant. In another experiment, TEOS and BTEB with a 
molar ratio of 0.5 were added to the reaction solution at the same time. To further investigate 
the effect of shorter and longer time delays, BTEB was added to the reaction solution 5 min 
and 30 min after addition of TEOS while the molar ratio of BTEB to TEOS was 0.5 and all 
other synthesis parameters kept unchanged. The final products were denoted as BDMONs-
x-y, where x and y indicate the time gap between the addition of TEOS and BTEB and the 
molar ratio of BTEB to TEOS, respectively (please see Table 8.S1).    
Synthesis of DMSNs. For the preparation of dendritic mesoporous silica nanoparticles 
(DMSNs), the as-synthesized BDMONs-15-1 sample was calcined at 600 °C in air for 6 h to 
remove organic contents and surfactants. 
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Synthesis of BONs-SP. For the synthesis of small-pore BDMONs, the above procedure for 
preparation of BDMONs-15-1 was followed expect that NaSal was not used in the reaction 
system. 
Synthesis of EDMONs-15-1. Ethane-bridged dendritic mesoporous organosilica 
nanoparticles (EDMONs) were synthesized following the procedure described above to 
prepare BDMONs-15-1 except for that same molar amount of BTEE was used as 
organosilica precursor instead of BTEB and the amount of NaSal was increased to 84 mg.  
Time-dependent study of the formation of BDMONs-0-0.5 and BDMONs-15-0.5. TEM 
analysis was used at different reaction times to monitor the structural evaluation of particles. 
In a typical experiment, one drop of the reaction mixture was collected at different reaction 
times (15, 30, 45, and 60 min, 3, 6, and 18 h), centrifuged, and washed with ethanol prior to 
TEM analysis. For both samples, the time was counted after the addition of TEOS to the 
reaction mixture. 
Preparation of Aldehyde-functionalized Nanoparticles. In a typical experiment, particles (150 
mg were vacuum dehydrated at 120°C for 6 h and then suspended in dry toluene (20 mL). 
The mixture was refluxed for 1 h at 110°C, followed by the addition trimethoxysilane 
aldehyde (1.05 mmol). The product was collected after 18 h by centrifugation at 20000 rpm 
for 10 min and then washed with ethanol for three times. The final samples were dried in the 
hood at room temperature overnight. 
8.4.3 Enzymatic assyas 
Lipase immobilization. To covalently immobilize lipase on nanoparticles, lipase solution (5 
ml, 0.1 mg ml-1 in 100 mM sodium phosphate, pH 7.4) was added to aldehyde functionalized 
particle solution (5 ml, 2 mg ml-1 in 100 mM sodium phosphate, pH 7.4) and shook at 25 oC, 
200 rpm. After 17 h, the suspension was centrifuged at 5000 rpm for 5 min and washed 
three times with sodium phosphate (100 mM, pH 7.4). The lipase concentration in 
supernatants was determined by the Bradford method. The amount of immobilized enzyme 
was measured and calculated by subtracting the amount of lipase in supernatant from the 
initial lipase content used for the immobilization.24 The immobilization efficiency (%) was 
calculated through following equation: 
Immobilization efficiency (%) = (immobilized lipase/total loading lipase) × 100% 
Lipase activity assay. The hydrolysis of 4-nitrophenyl palmitate (pNPP) in sodium phosphate 
buffer (100 mM, pH 7.4) was applied to measure the activities of the free and immobilized 
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lipases.47 In a typical experiment, immobilized lipase solution in sodium phosphate buffer 
(100 mM, pH 7.4) was placed in a cuvette. After attainment a constant absorbance at 410 
nm, the pNPP substrate solution (150 μl, 10 mM in 2-propanol) was added and the increase 
of the absorbance at 410 nm was recorded using UV-Vis spectrophotometric instrument 
(UV-2450, Shimadzu Company) to monitor the intensity observation, representative the 
release rate of p-nitrophenol (pNP) for approximately ten minutes against a reference with 
the same volume and amount of buffer and enzyme solution. For the free lipase, the same 
amount of lipase was mixed with the reaction media under the assay conditions. The activity 
was calculated using following equation: 
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
(∆𝐴 − ∆𝐴𝑏𝑙𝑎𝑛𝑘) × 𝑉
𝜀
 
in which, ΔA, ΔAblank, V, and 𝜀 are the change of absorbance at 410 nm (a.u. min-1), change 
of absorbance without lipase (a.u. min-1), the volume of the assay (ml), and extinction 
coefficient (a.u. ml mol-1 min-1), respectively.51 The change of absorbance for a blank run 
without lipase was almost zero and the volume of the assay was identical for both tests. The 
relative activity was defined as the ratio of specific activity of immobilized lipase to the 
specific activity of free lipase. 
Reusability assay. The reusability of the immobilized lipases was studied by repeating use 
of immobilized enzymes to catalyse the hydrolysis reaction of pNPP under the activity assay 
conditions mentioned above. The duration of each cycle was 10 min. After each activity 
assay, immobilized lipases were separated from the reaction system by centrifugation, 
washed three times with buffer solution to remove all of the substrate and products from the 
sample and applied in the next activity measurement with fresh substrates. The relative 
activity was defined as the ratio of the residual activity to the initial activity. 
Thermal stability assay. The effect of temperature on the activity of the free and immobilized 
lipases was studied by incubating in phosphate buffer (100 mM, pH 7.4) at temperatures 
ranging from 30 to 70 °C for 60 min followed by measuring the enzymatic activity. The 
relative activity was defined as the ratio of the residual activity to the initial value measured 
at 30 °C, pH 7.4 (the initial activity was defined as 100%). 
pH stability assay. The effect of pH on the activity of the free and immobilized enzymes was 
determined by incubating at room temperature in phosphate buffer (100 mM) at pH ranging 
from 3 to 9 for 10 min followed by determination of enzymatic activity. The relative activity 
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was defined as the ratio of the residual activity to the initial value measured at 30 °C, pH 8 
(the initial activity was defined as 100%).     
Biodiesel production. Free and immobilized lipases were used for biodiesel production by 
transesterification of corn oil with methanol. The reactions were conducted at 40 °C on a 
shaking incubator at 120 rpm. A typical reaction mixture consisted of corn oil (3 ml), 1.5 ml 
of distilled water, a weighed amount of the biocatalysis (containing 5 mg of lipase) or free 
lipase (5 mg), and a two-step addition of methanol with 250 μl of methanol in each step.52 
After 24 h, the residual methanol in the reaction mixture was removed with the help of a 
rotary evaporator at 70 °C for 2 h, and then glycerol was separated from the reaction mixture 
by centrifugation at 10000 rpm for 10 min. The conversion of corn oil to methyl esters was 
measured by DGU-20A3 high-performance liquid chromatography (HPLC) (Shimadzu, 
Tokyo, Japan) instrument equipped with an auto-injector and ultraviolet detector of 210 nm. 
The column was Restek Viva C18 set at an isothermal oven temperature of 54 °C. The 
mobile phase was 100% Acetonitrile and 0.05% of TFA with flow of a 0.15 mL/min. Biodiesel 
yield was calculated by summing the areas of methyl esters present in the reaction mixture 
and on the basis of calibration curves built up with standards FAME. 
Reusability assay for biodiesel production. To evaluate the reusability of immobilized lipase 
in repeated use, the immobilized lipase was separated by centrifugation and washed with 
buffer. The recovered immobilized enzymes were applied to the next batch of 
transesterification using fresh substrates. The assay conditions were the same as those 
mentioned above. The relative conversion was defined as the ratio of the residual 
conversion capability to the initial conversion capability. 
8.4.4 Materials Characterizations  
Transmission electron microscopy (TEM) and corresponding element mapping experiments 
were carried out on a HT7700-EXALENS operated at 200 kV. The samples for TEM were 
dispersed in toluene by sonication and then supported onto a holey carbon film on a copper 
grid. Field emission scanning electron microscopy (SEM) images were obtained on a JEOL 
7800 microscope operated at 1 kV. For SEM measurements, the samples were dissolved in 
toluene and then dropped to the aluminium foil pieces and attached to conductive carbon 
film on SEM mounts. The nitrogen adsorption-desorption isotherms were measured at 77 K 
on a nitrogen adsorption device (Micromeritics ASAP Tristar II 3020). The samples were 
degassed under vacuum for 18 h at 110 °C before analysis. The Brunauer-Emmet-Teller 
(BET) method was used to estimate the specific surface area. The pore distribution was 
Chapter 8 Designed synthesis of organosilica nanoparticles for enzymatic biodiesel 
production  
 
157 
 
derived from the adsorption branch of the isotherms using the Barret-Joyner-Halanda (BJH) 
method. Elemental analysis (EA) was carried out by a CHNS-O Analyzer (Flash EA1112 
Series, Thermo Electron Corporation). X-ray photoelectron spectra (XPS) were collected on 
a Kratos Axis Ultra X-ray photoelectron spectrometer (PerkinElmer). Fourier transform 
infrared (FTIR) spectra were conducted on a Thermo Nicolet Nexus 6700 FTIR spectrometer 
equipped with a Diamond ATR (attenuated total reflection) Crystal. For each spectrum, 64 
scans were collected at a resolution of 4 cm−1 over the range 400–4000 cm−1. To evaluate 
the inner pore surface hydrophobicity/hydrophilicity, the adsorption of water and hexane 
vapor was carried out at 25 °C.37 Briefly, the powder sample (20 mg) was placed in a glass 
bottle without a lid and heated to 110 °C under a high vacuum of 0.9 mbar to remove all 
impurities for 3 h. After cooling the glass bottle (with a lid) to room temperature, the glass 
bottle (without a lid) was kept in contact with the water or hexane vapor for sufficient time at 
25 °C. The adsorption capacity of the sample was estimated according to the mass change 
of the sample after the adsorption process using a digital microbalance (Model YP/1002, 
with a sensitivity of 0.1 mg). All adsorption experiments were performed in triplicate to ensure 
the reproducibility of the data. 29Si cross-polarization magic-angle spinning (CP-MAS) and 
13C CP-MAS NMR spectra were recorded on a Bruker Avance III spectrometer with a 7T 
magnet, Zirconia rotor, 4mm, rotated at 5 kHz.  
  
8.5 Supplementary information  
 
 
Figure 8.S1 TEM image of the BDMONs-15-1.5. 
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As shown in TEM image (Figure 8.S1), by further increasing the molar ratio of BTEB to 
TEOS to 1.5, the final product shows a non-porous structure with irregular morphology. This 
observation is consistent with previous reports in which the mesoporosity was substantially 
lost at high organosilanes to TEOS ratios.53 
 
 
Figure 8.S2 TEM images of (a) BDMONs-5-0.5 and (b) BDMONs-30-0.5. 
The time gap is a key parameter to obtain dispersed particle with the well-defined dendritic 
structure. As displayed by TEM images, under shorter and longer time gaps of 5 (Figure 
8.S2a) and 30 (Figure 8.S2b) min, respectively, the obtained samples possess aggregated 
nanoparticles with ill-defined structure. 
 
 
Figure 8.S3 TEM images of the samples obtained at the reaction time of 15 min (a1, a2), 
30 min (b1, b2), 60 min (c1, c2), 3 h (d1, d2), 6 h (e1, e2), and 18 h (f1, f2) under the 
conditions for synthesis of BDMONs-0-0.5 (a1-f1) and BDMONs-15-0.5 (a2-f2). Scale bar is 
200 nm. 
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Figure 8.S4 FTIR spectra of Aldehyde-BDMONs-15-1, pure lipase, and Lipase-Aldehyde-
BDMONs-15-1. 
 
Figure 8.S5 Selected absorbance at 410 nm as a function of time for free lipase and 
BDMONs-15-1. 
 
 
Figure 8.S6 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
DMSNs. 
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As displayed by TEM image, DMSNs hold central-radial mesopore channels, similar to 
BDMONs-15-1 with a small reduction in particle size to 165 nm, attributing to silica 
framework shrinkage during high temperature calcination process (Figure 8.S6a and Table 
8.1). The calcined sample also possesses type IV nitrogen sorption isotherm (Figure 8.S6b) 
with slightly enlarged pore diameter (16.5 nm, Figure 8.S6c) compared to BDMONs-15-1 
(Table 8.1), indicating the success of organic groups removal. 
 
Figure 8.S7 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
BONs-SP. 
TEM image reveals that BON-SP possess a spherical morphology, small mesopore 
structure (2-3 nm) and a uniform diameter of 76 nm (Figure 8.S7a), smaller than BDMONs-
15-1. BONs-SP exhibits type IV nitrogen sorption isotherm (Figure 8.S7b) and the 
corresponding pore size distribution curve (Figure 8.S7c) displays two peaks centred at 3.6 
nm and 88 nm, contributed by the inner mesopores and voids generated by small particle 
aggregation, respectively. The surface area and pore volume of BONs-SP is 478 m2 g-1 and 
1.092 cm3 g-1, respectively. 
 
Figure 8.S8 (a) TEM image, (b) N2 sorption isotherm and (c) pore size distribution curve of 
EDMONs-15-1. 
As demonstrated by TEM image (Figure 8.S8a), EDMONs-15-1 show spherical morphology 
with a dendritic structure and an average particle size of 201 nm. EDMONs-15-1 displays 
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type IV nitrogen sorption isotherms (Figure 8.S8b) with the pore diameter, surface area, and 
pore volume of 16.4 nm (Figure 8.S8c), 249 m2 g-1, and 0.436 cm3 g-1, respectively.  
 
 
Figure 8.S9 Effect of organic solvents on the stability of immobilized lipase on BDMONs-1.  
 
 
Table 8.S1 Detailed synthesis parameters for nanoparticles.  
Samples 
Organosilica 
precursor 
Time gap 
(min) 
(Organosilica precursor/TEOS) 
molar ratio 
NaSal (mg) 
BDMONs-15-0.5 BTEB 15 0.5 42 
BDMONs-15-0.67 BTEB 15 0.67 42 
BDMONs-15-1 BTEB 15 1 42 
BDMONs-15-1.5 BTEB 15 1.5 42 
BDMONs-5-1 BTEB 5 1 42 
BDMONs-30-1 BTEB 30 1 42 
BDMONs-0-0.5 BTEB 0 0.5 42 
BONs-SP BTEB 15 1 0 
EDMONs-15-1 BTEE 15 1 84 
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Table 8.S2 Comparison of the catalytic performance of lipase immobilized on various 
carriers. 
Carrier Relative activity Activity retention Ref. 
Meso-Structured Onion-Like Silica 0.35 NA 
54 
Magnetite nanoparticles 0.96 
90% activity retained after 
five cycles 
55 
Magnetic silica particles 0.87 
80% activity retained after 
five cycles 
49 
Olive pomace 0.90 
91.7% activity retained 
after five cycles 
56 
Mesoporous silica particles 2.81 
84% activity retained after 
five cycles 
57 
Nanoflowers 4.6 
92% activity retained after 
eight cycles 
45 
Graphene oxide 1.3 NA 
12 
Graphene oxide 1.9 
70% activity retained after 
eight cycles 
13 
Carbon dots 3.7 NA 
14 
Silica foam 1.23 NA 
10 
Mesoporous silica nanoparticles 5.23 
93% activity retained after 
five cycles 
25 
PMO 2.02 NA 
58 
PMO 5.0 
85% activity retained after 
four cycles 
11 
Magnetic nanoparticles <1 NA 
59 
Gold/silica nanocomposite 0.67 NA 
60 
Magnetic silica particles 0.22 
40% activity retained after 
thirty cycles 
61 
Magnetic carbon particles 0.93 
68% activity retained after 
ten cycles 
62 
Macroporous silica <1 NA 
63 
Graphene oxide 0.98 NA 
64 
Magnetic silica particles 0.89 
89% activity retained after 
five cycles 
44 
Dopamine-functionalized meso-
Structured Onion-Like Silica 
0.52 
71% activity retained after 
six cycles 
65 
BDMONs nanoparticles 6.5 
99% activity retained after 
five cycles 
This 
work 
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Chapter 9  
Engineering mesoporous silica 
microspheres as hyper-activation 
support for continuous enzymatic 
biodiesel production 
 
 
 
 
 
 
 
 
 
 
This chapter reports the preparation of functionalized mesoporous silica microspheres 
(MSMs) as hyper-activation lipase supports for the continuous enzymatic biodiesel 
production. The functionalized alkyl chain length and lipase loading amount of MSMs have 
been optimized to deliver a high hyper enzymatic activity (1.14 times of free lipase). When 
applied as the catalyst in a prototype transesterification reactor, an unprecedented initial 
conversion rate (99%) and outstanding stability (64% of initial conversion after 24 h) have 
been demonstrated, superior to other lipase catalysts used in biodiesel production reactors. 
The new catalyst and the material engineering strategy developed here shed new light on 
designing enzyme supports for biocatalytic applications.  
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9.1 Introduction 
The development of sustainable and affordable energy sources has been a major challenge 
for the contemporary society.1 Biodiesel, the alkyl esters of fatty acids derived by the 
transesterification of plant oils, is of increasing interest because it offers the long-term 
assurance of a reliable and renewable energy source.2 Lipase-mediated biodiesel 
production has attracted more attention over traditional alkaline or acidic catalyst methods, 
as it can circumvent the general concerns of conventional catalysts, such as feedstock 
pretreatment, catalyst removal, and waste treatment.3 Yet, significant activity losses have 
generally reported for immobilized lipase catalysts, which can be assigned to the active sites 
blocking, the mass-transfer hindrance, or the enzyme structure alteration during 
immobilization processes.4-7 Thus, it is still challenging to develop lipase based catalysis 
systems with high catalytic activity for biodiesel production. 
   Interfacial activation concept has opened up an immense research focusing on creating 
hyper-activated immobilized lipases.8 Through creating hydrophobic nano-supports to 
induce the configuration change of lipase molecules, the active sites in enzymes will become 
more accessible and their catalytic activity could be improved to be higher than free lipases.9-
14 Mathesh et al. studied lipase activity as the function of surface hydrophobicity of reduced 
graphene oxide supports, and observed a hyper-activation property (∼2.2 times higher 
activity than that of free lipase) for the most hydrophobic support.13 However, proceeding 
toward scalable applications by creating multilayered lipase/graphene papers resulted in a 
significant activity decrease (∼40%), mainly due to the high mass transfer hindrance.13 
Recently, our group reported the synthesis of hydrophobic mesoporous silica nanoparticles 
with tunable pore sizes as lipase supports, and demonstrated superior performances of a 
5.23 time higher activity than free enzyme and an exceptional duration stability.13 But the 
small particles size (∼60 nm), along with the high preparation cost, restricted their 
application in practical catalysis reactors, such as continuous flow devices. These 
drawbacks have been general concerns for the hyper-activated lipase catalysis systems. 
   Several strategies have been reported for the preparation of lipase supports with good 
mass transfer property and effective cost, feasible for prototype biodiesel catalysis 
reactors.15, 16 However, their overall catalytic performances remain unsatisfactory. Burn et 
al. developed a monolithic silica column with covalently anchored lipase for a continuous 
flow reactor.15 Despite an unprecedented durability, the daily conversion was limited to 40 % 
and gradually declined along with cycles, which could be attributed to the low lipase loading 
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content (32 mg g-1), low enzyme activity (< 100%) and the enzyme inactivation by ethanol.15 
Hartman group reported the preparation of zeolite-coated porous stainless steel supports 
as filter-panels for lipase encapsulation and transesterification reaction.16 While the 
protective zeolite coating can prevent the enzyme leaching, the catalyst only exhibited a low 
activity (< 50%) and inadequate recycling stability (50% of initial conversion after 5 cycles).16 
Applying the interfacial activation technique to engineer support materials suitable for 
prototype enzymatic biodiesel production systems becomes a critical consideration for the 
catalytic performance improvement. However, to date, a material platform with such designs 
has not been developed. 
   Spray drying has emerged as a versatile methodology for the scalable production of 
micron-size particles for a broad range of applications,17 including energy storage and water 
treatment.18, 19 This technology has also been employed to prepare enzyme catalyst 
supports. Patel and coworkers recently reported the immobilization of diverse enzymes 
(glucose oxidase, laccase, and horseradish peroxidase) on multiple-shelled Fe2O3 yolk-shell 
particles fabricated by spray drying.20 However, the enzyme activities were restricted to be 
less than 84%, and the application in prototype catalysis reactors has not been 
demonstrated. 
   Herein, we report the development of mesoporous silica microspheres (MSMs) with 
designed functionalities for both inducing hyper-activation of lipase and being applied in 
continuous biodiesel production reactors (Figure 9.1). The MSMs were prepared from 
commercial silica nanoparticles through the spray drying method followed by alkyl chains 
grafting. It was demonstrated that the longer alkyl chain (octadecyl, C18 > octyl, C8 > methyl 
C1) could create a more hydrophobic nano-environment and thus induce a higher lipase 
activity (Figure 9.1A). The optimized catalyst (lipase/C18-MSMs) displayed a high lipase 
loading capacity of 100 mg g-1 and a hyper enzyme activity (1.14 time of the activity for free 
lipase). When applied in a continuous transesterification reactor (Figure 9.1B), lipase/C18-
MSMs presented an outstanding catalytic performance, demonstrating a high conversion 
rate of 99% and a good activity retention of 64% after 24 h, which is superior to reported 
catalysts for continuous biodiesel production processes.15, 21 
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Figure 9.1 Schematic illustrations of the synthesis and hydrophobic modification of MSMs 
as lipase supports (A), and the continuous biodiesel reactor (B). 
 
9.2 Results and discussion 
MSMs were synthesized by the spray drying method using LUDOX® AS-40 colloidal silica 
(40 wt. % suspension in H2O) as the precursor. LUDOX® AS-40 colloidal silica is a 
commercialized product consisted of silica nanoparticles with sizes of around 24-28 nm 
(TEM image, Figure 9.S1). After spray drying and the followed calcination treatment, the 
initial LUDOX® AS-40 nanoparticles were assembled and formed spherical particles with 
sizes of 0.5–10 μm (Figure 9.2, A and C). A considerable numbers of particles possessed a 
donut-shaped structure, which is attributed to the evaporation process by hot air in the drying 
chamber. The spray droplets were delicate and an indentation on their top surface was 
formed by the dynamic air drag, which resulted in the formation of donut-shaped particles.22 
Massive packing voids formed by the assembly of silica nanoparticles can be identified in 
the magnified SEM and TEM images (Figure 9.2, B and D), revealing a highly mesoporous 
structure. The porous characteristic of MSMs was further confirmed by nitrogen sorption 
measurements (Figure 9.3). MSMs material displays a typical type IV isotherm, the 
characteristic of mesoporous materials. The Brunauer-Emmett-Teller (BET) surface area, 
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total pore volume, and pore size of the sample were measured to be 124 m2 g-1, 0.196 cm3 
g-1, and 8.6 nm, respectively (Table 9.1). 
 
Figure 9.2 SEM and TEM images of MSMs (A-D), C1-MSMs (E and F), C8-MSMs (G and 
H), and C18-MSMs (I and J). 
 
Figure 9.3 Nitrogen sorption isotherms (A) and the corresponding pore size distribution 
curves (B) of MSMs materials. 
 
Table 9.1 Textural properties, chemical composition and lipase immobilization results for 
MSMs materials. 
Sample Dp a) SBET b) VP c) CXPS d) CA e) Q f) A g) 
Pure MSMs 8.6 124 0.196 0.0 n/a 0.1 0.49 
C1-MSMs 7.8 118 0.191 2.5 91 0.1 0.57 
C8-MSMs 7.3 112 0.183 5.8 119 0.1 0.94 
C18-MSMs 7.0 98 0.164 8.6 130 0.1 1.14 
a) Pore diameter calculated by Barrett-Joyner-Halenda (BJH) method from the adsorption 
branch (nm); b) BET surface area (m2g-1); c) Total pore volume (cm3g-1); d) Carbon weight 
percentage estimated by XPS; e) Contact angle (degree); f) Lipase loading (mg mg-1); g) 
Relative activity. 
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   To understand the influence of the alkyl chain length on the activity of the immobilized 
lipase, MSMs was grafted with methyl (C1, short-length chain), octyl (C8, medium-length 
chain), and octadecyl (C18, long-length chain) groups to fabricate C1-MSMs, C8-MSMs, and 
C18-MSMs, respectively (see details in experimental part). SEM and TEM images show no 
structural change after the post-modification process (Figure 9.2, E-J). All Cx-MSMs samples 
exhibit type IV nitrogen sorption isotherms, suggesting their mesoporous structure (Figure 
9.3). The pore diameter, BET surface area, and total pore volume were reduced to 7.8 nm, 
118 m2 g-1, and 0.191 cm3 g-1 for C1-MSMs, 7.3 nm, 112 m2 g-1, and 0.183 cm3 g-1 for C8-
MSMs, and 7.0 nm, 98 m2 g-1, and 0.164 cm3 g-1 for C18-MSMs, respectively (Table 9.1). As 
expected, longer alkyl chain results in more reduction in pore diameter, surface area, and 
pore volume for grafted MSMs. 
   The content of organic groups grafted on the surface of samples was quantified by X-ray 
photoelectron spectroscopy (XPS) analysis. The weight percentage of carbon was 
measured to be 0.0, 2.5, 5.8, and 8.6% for MSMs, C1-MSMs, C8-MSMs, and C18-MSMs, 
respectively. The presence of carbon on the surface of Cx-MSMs, compared with pristine 
MSMs, demonstrates the successful post-modification process. Contact angle analysis was 
conducted to assess the surface hydrophobicity/hydrophilicity (Figure 9.4). On unmodified 
MSMs, the water drop totally lost its structure, because of the high hydrophilic nature of pure 
silica. The contact angles for C1-MSMs, C8-MSMs, and C18-MSMs are 91°, 119°, and 130°, 
respectively, indicating the increased hydrophobicity.23 Combined with the XPS analysis 
results, the surface hydrophobicity rising can be attributed to the increasing of grafted alkyl 
chain length. 
 
Figure 9.4 Images of water drops in contact with pressed pellets of MSMs (A), C1-MSMs 
(B), C8-MSMs (C) and C18-MSMs (D). 
   Lipase with the size of around 5 nm was physically immobilized on MSMs and Cx-MSMs 
materials. Figure 9.S2 shows typical FT-IR spectra of the C8-MSMs, the pure lipase, and 
lipase/C8-MSMs. C8-MSMs shows characteristic peaks at 940 and 1060 cm-1 that can be 
attributed to the stretching vibration modes of Si–OH and Si–O–Si, respectively.14 The peaks 
at 2850 and 2920 cm-1 are assigned to the symmetric and asymmetric stretching vibration 
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modes of –CH2– groups, demonstrating the successful octyl modification.14 For pure lipase, 
the peaks at 1530 and 1650 cm-1 can be indexed to stretching vibration modes of amide І 
and ІІ groups, respectively.24 The existence of characteristic peaks of both pure lipase and 
C8-MSMs in the FT-IR spectrum of lipase/C8-MSMs confirms the successful immobilization 
of lipase on C8-MSMs support. 
The activity of the immobilized lipase was determined based on the hydrolysis of pNPP 
through in-situ UV-Vis spectroscopy (see details in experimental part).16 At the same loading 
content (0.1 mg mg-1), the relative activities of lipase immobilized on MSMs, C1-MSMs, C8-
MSMs, and C18-MSMs were measured to be 0.49, 0.57, 0.94, and 1.14, respectively (Figure 
9.5 and Table 9.1). The improved activity of lipase immobilized on Cx-MSMs, compared to 
pure MSMs, suggests the key role of hydrophobic environment to induce the configurational 
change of lipase molecule and create hyper-activation.8, 13 The constant activity rise with the 
alkyl chain length increasing reveals that a more hydrophobic support can open the lipase 
lid more broader, and thus improve the accessibility of active sites for higher catalytic activity. 
Due to the highest activity of lipase immobilized on C18-MSMs, this support material was 
subjected to further investigation. 
 
Figure 9.5 The absorbance of pNPP hydrolysis product at 399 nm as the function of time 
for free and immobilized lipases (A), the corresponding relative activities (B). The 
absorbance of pNPP hydrolysis product at 399 nm as the function of time for the free lipase 
and lipase/C18-MSMs with different loading amounts (C), the corresponding relative 
activities (D). 
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   The optimized lipase loading amount on C18-MSMs support was investigated. The amount 
of lipase immobilized on C18-MSMs was adjusted from 0.025 to 0.3 mg mg-1 (see details in 
experimental part). As shown in Figure 9.5C, with the loading amount increasing from 0.025 
to 0.1 mg mg-1, the relative activity improves nearly linearly and reaches its maximum of 
1.14. By further increasing the lipase loading, a considerable decrease in relative activity is 
observed, which could be attributed to the mesopore blockage by excessive lipase 
molecules.25 To support this hypothesis, the pore sizes of C18-MSMs samples loaded with 
0.1 and 0.3 mg mg-1 of lipase were measured (Figure 9.S3). As seen from the pore size 
distribution curves, by increasing the lipase loading content, a substantial disappearance in 
mesopores happens, revealing the more occupation of mesopores by enzyme molecules, 
which results in higher mass transfer limitations for the substrate to access the active sites 
of inner-pore lipase molecules.26 Therefore, 0.1 mg mg-1 (70000 U g-1) was identified as the 
optimal loading capacity, which is considerably higher than the loading contents of other 
lipase supports developed for prototype reactors (Table 9.S1).13, 15, 26 The immobilization 
efficiency was about 100% for above samples. The relative lipase activity (1.14) at this 
loading content is also superior to other immobilized lipase catalysts used in biodiesel 
production reactors,13, 15, 16 demonstrating the hyper-activation of lipase. The lipase activity 
is also influenced by the particle size of the carrier.14 A smaller carrier facilitates substrate 
accessibility to immobilized lipase inside the pores and consequently improves the lipase 
activity.14 But the small particles size along with the high preparation cost restricted the 
application of these carriers in practical catalysis reactors. In comparison with smaller 
carriers, MSMs with a broad range of large particle sizes possess higher mass transfer 
limitations and consequently lower activity of immobilized lipase. However, the low-cost and 
saleable synthesis of MSMs is the main benefit.  
   To investigate the stability of the optimized lipase/C18-MSMs catalyst, a lipase leaching 
study was carried out (see details in experimental part). The leached lipase amount after 
five cycle was less than 1% (data are not shown), showing a highly stable lipase 
immobilization. This observation is in agreement with previously reported studies of stable 
immobilized lipase on support materials with high hydrophobicity and suitable pore sizes 
(slightly larger than the size of lipase molecule).10, 14 
   The enzyme kinetic study was conducted for the free and immobilized lipase on C18-
MSMs and the parameters of the Michaelis–Menten model, including the Michaelis–Menten 
constant (Km) and the maximum initial velocity (Vmax), were achieved using a range of 
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substrate concentrations. Km relates to the enzyme affinity to substrate and a high value of 
Km specifies a weak affinity.14 The Km value for the immobilized lipase and free lipase was 
measured to be 0.73 and 0.77 mM, respectively. The higher Km value for the immobilized 
lipase than that of the free lipase demonstrates the enhanced affinity of the substrate to 
lipase, which was driven by the hydrophobic environment.14 The Vmax value of the 
immobilized lipase (6.1 U mg-1) was higher than that of free lipase (5.3 U/mg), indicating an 
improved catalytic efficiency.14  
   To demonstrate the feasibility of lipase/C18-MSMs for practical enzymatic biodiesel 
production, this catalyst was applied to catalyze the transesterification reaction of corn oil in 
a prototype continuous reactor (Figure 9.1B). Conventional lipase catalyzed biodiesel 
productions involved the use of toxic and volatile organic solvents such as heptane as the 
reaction medium.15, 27 Here, before feeding reaction substrates into the integrated 
immobilized lipase catalysis system involving a CSTR and three PBRs for continuous 
production of biodiesel, corn oil and methanol were allowed to react in a batch reactor to 
partially convert corn oil to its methyl ester (see details in experimental part). This pre-
treatment process improves the compatibility of methanol in corn oil, which could eliminate 
the inhibitory effect of methanol and the prerequisite of additional organic solvents.21 After 4 
hours reaction in CSTR, partially converted corn oil (around 23%) was fed into three PBRs 
connected in series (Figure 9.S4). The conversion of corn oil to biodiesel by the integrated 
continuous process was 99%, much higher than that in previous reports,15, 21 demonstrating 
the significant impact of the interfacial activation effect and the high lipase loading to improve 
the catalytic performance and consequently the conversion rate of transesterification. The 
duration stability of the designed lipase catalysis system was evaluated by running the 
transesterification reaction continuously. After 24 hours, a high activity retention (64% of the 
original conversion capability) can be maintained (Figure 9.6), which is among the best 
stability performances reported to date.15, 21 The conversion reduction could be attributed to 
the possible deactivation of lipase by methanol or glycerol, a general phenomenon observed 
in enzymatic transesterification systems.28 Pressure drop in a column is an important 
parameter for industrial utilization of reactors.21 The pressure drop at each column was 
measured to be around 0.05 MPa. The pressure drop increases over the reaction time and 
reaches 0.1 MPa, suggesting that highly viscous glycerol might accumulate inside the 
column and cause the pressure decrease. The amount of enzyme or particles leach out of 
the bed after 24h was undetectable. 
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Figure 9.6 Conversion capability retention of lipase/C18-MSMs in the continuous biodiesel 
production reactor for 24 hours. 
 
9.3 Conclusion  
In summary, mesoporous silica microspheres have been prepared through a spray drying 
method, and functionalized with alkyl chains as lipase supports for continuous enzymatic 
biodiesel production. The influences of alkyl chain length and lipase loading amount on the 
catalytic activity have been investigated. Long alkyl chain grafted material (C18-MSMs) with 
an optimal lipase loading content of 100 mg g-1 demonstrated the highest relative activity 
(1.14 of free lipase) among all grafted MSMs. When applied in a prototype continuous 
reactor for the transesterification of corn oil, lipase/C18-MSMs catalyst exhibited an 
extraordinary conversion rate (99%) and an outstanding stability (retaining 64% of initial 
conversion after 24 h), demonstrating its promising potential for practical biocatalytic 
biodiesel productions. 
 
9.4 Experimental section 
9.4.1 Chemicals 
All chemicals were used as received without further purification. LUDOX® AS-40 colloidal 
silica (40 wt. % suspension in H2O), toluene, methanol, chlorotrimethylsilane, octyl 
trimethoxysilane, octadecyl trimethoxysilane, lipase from Candida rugose, 2-propanol, 
Triton X-100, 4-nitrophenyl palmitate (pNPP), corn oil, acetonitrile, and trifluoroacetic acid 
(TFA) were purchased from Sigma-Aldrich. Doubly distilled water obtained from a laboratory 
purification system was used for all experiments. 
9.4.2 Material synthesis 
Chapter 9 Engineering mesoporous silica microspheres as hyper-activation support for 
continuous enzymatic biodiesel production 
 
177 
 
Synthesis of MSMs: MSMs were prepared by the spray drying synthesis. Briefly, LUDOX® 
AS-40 colloidal silica (7.5 g) was dispersed in doubly distilled water (50 mL) by stirring for 
15 min and then the suspension was sonicated for 60 min. After spray drying of the 
suspension using a Buchi mini spray dryer (B-290) at an inlet temperature of 220 °C, an 
aspirator rate of 100%, and a pump rate of 8 mL min-1, the product was collected and then 
calcined in air (550°C for 5 h). 
Fabrication of alkyl chain-functionalized MSMs: In a typical procedure, MSMs (150 mg, 
vacuum dehydrated at 120°C for 6 h) were added to toluene (20 mL) and the mixture was 
stirred for 15 min before adding organosilane (chlorotrimethylsilane, octyl trimethoxysilane, 
octadecyl trimethoxysilane; 0.7 mmol). After stirring at 110°C for 6 h, the product was 
centrifuged, washed with toluene and ethanol, and dried in a fume hood at room temperature. 
The final product was denoted as Cx-MSMs, where x represents the functional group of 
organosilane (x = 1, 8, and 18).  
9.4.3 Enzymatic assays 
Lipase immobilization: In a typical procedure, MSMs solutions (5 mL, 1 mg mL-1 in 100 mM 
sodium phosphate, pH 7.4) was added to lipase solutions (5 mL, with concentration of 0.05, 
0.1, 0.2, 0.4, and 0.6 mg mL-1 in 100 mM sodium phosphate, pH 7.4). The suspension was 
shaken at 25 °C on a reciprocal shaker at 200 rpm for 3 h. After lipase adsorption, the 
suspension was centrifuged at 10,000 rpm for 5 min at room temperature and washed three 
times with 100 mM sodium phosphate (pH 7.4). The lipase concentration was determined 
using the Bradford method with lipase as the standard (Figure 9.S5), and the amount of the 
loaded lipase was calculated by subtracting the amount of lipase in the supernatant and 
washings from the initial lipase content.13 The immobilization efficiency (%) was calculated 
through following equation: 
Immobilization efficiency (%) = (immobilized lipase/total loading lipase) × 100% 
Lipase activity assay: The activities of the free and immobilized lipases were determined 
based on the hydrolysis of 4-nitrophenyl palmitate (pNPP) by the enzyme using UV-Vis 
spectrophotometric measurements (UV-2450, Shimadzu Company) by monitoring the 
intensity observation at 399 nm, representing the release rate of p-nitrophenol (pNP).16 
Sodium phosphate (100 mM, pH 7.4) containing 0.5% (v/v) Triton X-100 was used as the 
reaction media. In a typical experiment, immobilized lipase was added to the reaction media 
in a cuvette. After reaching a constant absorbance at 399 nm, the pNPP substrate solution 
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(150 μl, 10 mM in 2-propanol) was added to the cuvette and the increase of the absorbance 
at 399 nm was recorded for approximately ten minutes against a reference with the same 
volume and amount of buffer and enzyme solution. For the free lipase, the same amount of 
lipase was mixed with the reaction media under the assay conditions. The relative activity 
was defined as the ratio of specific activity of immobilized lipase to the specific activity of 
free one. 
Leaching assay: To monitor the leaching of the enzyme from supports, lipase-loaded Cx-
MSMs were suspended in sodium phosphate (100 mM, pH 7.4) and at given time intervals, 
the enzyme content of the supernatants was determined according to a Bradford assay. 
Continuous enzymatic biodiesel production: An integrated enzymatic biodiesel production 
system involving continuous stirred tank reactor (CSTR) and packed bed reactor (PBR) was 
applied for lipase-catalyzed biodiesel production.21 Lipase/C18-MSMs were mixed well with 
glass beads (diameter 4 mm) and then filled in the columns. The amount of immobilized 
enzyme for each bed was 0.6 g. Corn oil and methanol (1:1 molar ratio) were mixed and 
allowed to react in a batch reactor at the presence of a limited amount of enzyme (1% w/v 
of oil). After 4 h, the substrate mixture was fed into three PBRs (inner diameter 2.5 cm, 
height 10 cm, volume 49 mL) connected in series with a flow rate of 0.32 mL min-1. The 
reaction temperature was maintained at 37 °C by placing the whole system inside an 
incubator. The residence time at a flow rate of 0.32 mL min-1 was calculated to be 34 min. 
The product was collected and then the residual methanol in the reaction mixture was 
removed with the help of a rotary evaporator at 70 °C for 2 h. Glycerol was separated from 
the reaction mixture by centrifugation at 10000 rpm for 10 min. High-performance liquid 
chromatography equipment (HPLC) (DGU-20A3, Shimadzu, Tokyo, Japan) with an auto-
injector and ultraviolet detector of 210 nm was used to measure the conversion of corn oil 
to methyl esters. The column was Restek Viva C18 set at an isothermal oven temperature 
of 54 °C. The mobile phase was 100% acetonitrile and 0.05% of TFA with a flow of 0.15 mL 
min-1. Biodiesel yield was calculated by summing the areas of methyl esters present in the 
reaction mixture and on the basis of calibration curves built up with standards fatty acid 
methyl esters. 
9.4.4 Materials Characterizations 
The morphology of the samples was observed using field emission scanning electron 
microscope (FE-SEM, JEOL 7800) operated at 1.5 kV and transmission electron microscope 
(TEM, HT7700-EXALENS) operated at 200 kV. Nitrogen adsorption-desorption isotherms 
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were measured at 77 K using a Micromeritics TriStar II system. Before analysis, samples 
were degassed under vacuum for 18 h at 110 °C. X-ray photoelectron spectra (XPS) were 
collected on a Kratos Axis Ultra X-ray photoelectron spectrometer (PerkinElmer). Fourier 
transform infrared (FT-IR) spectra were collected on a Thermo Nicolet Nexus 6700 FTIR 
spectrometer equipped with a Diamond ATR (attenuated total reflection) Crystal. For each 
spectrum, 256 scans were collected at a resolution of 2 cm−1 over the range 400–4000 cm−1. 
The contact angles of water droplets (5 μL) on the samples were measured using 
DataPhysics-OCA20 contact angle meter. 
 
9.5 Supplementary information 
 
 
 
Figure 9.S1 TEM image of LUDOX® AS-40 colloidal silica. 
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Figure 9.S2 FT-IR spectra of C8-MSMs, pure lipase, and lipase-bound C8-MSMs. Lipase 
from Candida rugosa was immobilized on C8-MSMs via physical adsorption. 
 
 
Figure 9.S3 Pore size distribution curves of C18-MSMs loaded with 0.1 (black) and 0.3 (red) 
mg mg-1 lipase. 
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Figure 9.S4 Photo illustrating continuous process for biodiesel production in an integrated 
continuous stirred tank reactor with three packed bed reactors (CSTR-PBRs) connected in 
series. 
 
 
 
Figure 9.S5 Bradford standard curve. 
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Table 9.S1 Comparison of the catalytic performance of lipase immobilized on scalable 
carriers. 
Carrier Loading (mg mg-1) Relative activity Ref. 
Monolithic biohybrid foams 0.032 0.4 15 
Zeolite-coated stainless steel 0.05 0.5 16 
rGO paper NA 0.4 8 
C18-MSMs 0.1 1.14 This work 
 
 
 
 
9.6 References 
1. S. Chu and A. Majumdar, Nature, 2012, 488, 294. 
2. K. Kohse-Höinghaus, P. Oßwald, T. A. Cool, T. Kasper, N. Hansen, F. Qi, C. K. 
Westbrook and P. R. Westmoreland, Angew. Chem. Int. Ed., 2010, 49, 3572-3597. 
3. M. K. Lam, K. T. Lee and A. R. Mohamed, Biotechnol. Adv., 2010, 28, 500-518. 
4. S.-H. Jun, J. Lee, B. C. Kim, J. E. Lee, J. Joo, H. Park, J. H. Lee, S.-M. Lee, D. Lee, 
S. Kim, Y.-M. Koo, C. H. Shin, S. W. Kim, T. Hyeon and J. Kim, Chem. Mater., 2012, 
24, 924-929. 
5. L.-H. Liu, Y.-H. Shih, W.-L. Liu, C.-H. Lin and H.-Y. Huang, ChemSusChem, 2017, 
10, 1364-1369. 
6. J. Mukherjee and M. N. Gupta, Bioresour. Technol. , 2016, 209, 166-171. 
7. M. Babaki, M. Yousefi, Z. Habibi, M. Mohammadi and J. Brask, J. Mol. Catal. B: 
Enzym., 2015, 120, 93-99. 
8. Y. Zhang, J. Ge and Z. Liu, ACS Catal., 2015, 5, 4503-4513. 
9. Q. Jin, G. Jia, Y. Zhang, Q. Yang and C. Li, Langmuir, 2011, 27, 12016-12024. 
10. Z. Zhou, R. N. K. Taylor, S. Kullmann, H. Bao and M. Hartmann, Adv. Mater., 2011, 
23, 2627-2632. 
11. A. Rezaei, O. Akhavan, E. Hashemi and M. Shamsara, Chem. Mater., 2016, 28, 
3004-3016. 
12. S. Sarkar, K. Das and P. K. Das, Langmuir, 2016, 32, 3890-3900. 
13. M. Mathesh, B. Luan, T. O. Akanbi, J. K. Weber, J. Liu, C. J. Barrow, R. Zhou and W. 
Yang, Acs Catal., 2016, 6, 4760-4768. 
Chapter 9 Engineering mesoporous silica microspheres as hyper-activation support for 
continuous enzymatic biodiesel production 
 
183 
 
14. M. Kalantari, M. Yu, Y. Yang, E. Strounina, Z. Gu, X. Huang, J. Zhang, H. Song and 
C. Yu, Nano Res., 2017, 10, 605-617. 
15. N. Brun, A. Babeau-Garcia, M.-F. Achard, C. Sanchez, F. Durand, G. Laurent, M. 
Birot, H. Deleuze and R. Backov, Energy Environ. Sci., 2011, 4, 2840-2844. 
16. V. R. R. Marthala, M. Friedrich, Z. Zhou, M. Distaso, S. Reuss, S. A. Al-Thabaiti, W. 
Peukert, W. Schwieger and M. Hartmann, Adv. Funct. Mater., 2015, 25, 1832-1836. 
17. A. Carne-Sanchez, I. Imaz, M. Cano-Sarabia and D. Maspoch, Nat. Chem., 2013, 5, 
203-211. 
18. J. Ma, Z. Fang, Y. Yan, Z. Z. Yang, L. Gu, Y. S. Hu, H. Li, Z. X. Wang and X. J. Huang, 
Adv. Energy Mater., 2015, 5. 
19. F. Iskandar, A. B. D. Nandiyanto, K. M. Yun, C. J. Hogan, Jr., K. Okuyama and P. 
Biswas, Adv. Mater., 2007, 19, 1408-1412. 
20. S. K. S. Patel, S. H. Choi, Y. C. Kang and J.-K. Lee, Nanoscale, 2016, 8, 6728-6738. 
21. S. Chattopadhyay and R. Sen, Bioresour. Technol. , 2013, 147, 395-400. 
22. W. R. Lane, Ind. Eng. Chem., 1951, 43, 1312-1317. 
23. N. García, E. Benito, J. Guzmán and P. Tiemblo, J. Am. Chem. Soc., 2007, 129, 
5052-5060. 
24. J. Cui, Y. Zhao, R. Liu, C. Zhong and S. Jia, Sci. Rep., 2016, 6, 27928. 
25. Z. Zhou, F. Piepenbreier, V. R. R. Marthala, K. Karbacher and M. Hartmann, Catal. 
Today, 2015, 243, 173-183. 
26. M. I. Kim, Y. Ye, B. Y. Won, S. Shin, J. Lee and H. G. Park, Adv. Funct. Mater., 2011, 
21, 2868-2875. 
27. H. Taher and S. Al-Zuhair, Biofuels, Bioprod. Biorefin. , 2017, 11, 168-194. 
28. S. Hama, S. Tamalampudi, A. Yoshida, N. Tamadani, N. Kuratani, H. Noda, H. 
Fukuda and A. Kondo, Biochem. Eng. J., 2011, 55, 66-71. 
 
Chapter 10 Conclusions and outlook 
 
184 
 
Chapter 10  
       Conclusions and outlook 
 
 
 
 
 
 
 
 
 
 
 
10.1 Conclusions  
In this thesis, novel mesoporous adsorbents with designed textural properties and 
functionalities are developed to efficiently host various species. In the first part of this thesis, 
novel organic-based mesoporous nanoadsorbents with designed properties prepared and 
used to efficiently eliminate PAHs from the contaminated water. There major PAHs (DEHP, 
pyrene, and anthracene) were targeted and a wide range of nanoadsorbents (mesoporous 
carbon materials, dendritic organosilica particles, and dendritic carbon particles) with a high 
surface area, large mesopore volume, and hydrophobic property were successfully 
developed to advance the decontamination of selected PAHs from polluted water. Designed 
adsorbents have shown superior adsorption performances, which are well above than other 
adsorbents. The main conclusions of this section are listed below.  
1. A new understanding in the removal of PAHs from contaminated water is achieved. It was 
revealed that highly accessible surface area, high reachable mesopore volume and 
hydrophobic property of adsorbent are the keys to efficiently remove targeted PAHs from 
the water. The optimized samples display exceptional adsorption capacities towards 
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selected PAHs, which are the best performance reported so far.1-9 (Relevant content: 
Chapter 4-6)  
   In the second part of this thesis, the silica-based nanomaterials have been rationally 
designed, synthesized, and applied to host lipase molecules. A wide range of both end (such 
as octyl group) and bridge (such as benzene group) hydrophobic groups have been 
successfully incorporated onto the external surface or inside the framework of carriers, 
respectively, to improve the catalytic performance of the immobilized lipase. Tailored 
biocatalysis systems have been achieved with excellent catalytic performances, which are 
better than previous reports. In particular, the optimized biocatalytic systems have shown 
exceptional loading of lipase molecules, the ability to promote the activity of the immobilized 
enzyme, as well as improving the stability of lipase. Our innovative materials have shown 
great potential to enhance the catalytic performance of lipase, which is important for the 
lipase-mediated reactions such as fat digestion in the animal feed industry. The main 
conclusions of this part are listed below.  
1. A new understanding in nanobiocatalysis is obtained through a comprehensive study. It 
was demonstrated that a high hydrophobic content is responsible for activating lipase and 
improve its activity, and the pore size optimization with the pore size somewhat larger than 
the enzyme size is accountable for activity retention by minimizing the lipase leaching. 
Additionally, the smaller particles provide shorter routes for the substrate to access enzyme 
molecules accommodated inside the pores, thus resulting in higher activities. The optimized 
sample display a loading capacity of 711 mg g-1 and a specific activity 5.23 times higher 
than that of the free enzyme while retaining 93% of the initial activity after five cycles, which 
is the best performance reported so far (Relevant content: Chapter 7).10-19 It was also 
confirmed that incorporation of hydrophobic bridge moieties inside the framework of 
dendritic mesoporous silica particles could further improve the catalytic performance of the 
immobilized lipase (6.5 times higher than that of the free enzyme) while the dendritic 
structure of nanocarriers successfully improved the thermal and pH stability of immobilized 
lipase. This study suggested the priority of bridge organic groups to open the lid wider and 
increase the activity of lipase to a larger extent (Relevant content: Chapter 8). 
2. The practical application of hydrophobic nano-supports to induce hyper lipase activity are 
prevented by the drawback of high mass transfer hindrance. Functionalized mesoporous 
silica microspheres (MSMs) were prepared as hyper-activation lipase supports for the 
continuous enzymatic biodiesel production. The functionalized alkyl chain length and lipase 
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loading amount of MSMs have been optimized to deliver a high hyper enzymatic activity 
(1.14 times of free lipase). When applied as the catalyst in a prototype transesterification 
reactor, an unprecedented initial conversion rate (99%) and outstanding stability (64% of 
initial conversion after 24 h) have been demonstrated, superior to other lipase catalysts used 
in biodiesel production reactors. The new catalyst and the material engineering strategy 
developed here shed new light on designing enzyme supports for real-world biocatalytic 
applications. (Relevant content: Chapter 9) 
   In summary, the impacts of textural properties and composition of porous adsorbents on 
their performance towards adsorption of lipase and have been thoroughly studied. Porous 
materials with a wide range of particle and pore sizes and various functionalities are 
successfully fabricated and applied to host various species. The developed nanoadsorbents 
systems can be used in a broad range of applications such as biofuel production and water 
treatment. This project is a proof of concept study to confirm the feasibility of our novel 
design and suggests a clear direction for efficient adsorption of various molecules with 
rational design and synthesis of functional porous material.  
 
10.2 Outlook 
Based on the above conclusion, some recommendations are made for the future work. 
1. Applying the obtained knowledge to develop effective nanoadsorbents to remove other 
organic pollutants such as hydrocarbons and pesticides.  
2. Employing the prepared nanobiocatalysis systems in real case application. As the 
proposed materials enable the scalable preparation of low-cost carriers for high-
performance immobilization of lipase, practical application of these systems in other fields 
such as biosensors, water treatment, and feed additive in animal feed industry is applicable.  
3. Metallic organic frameworks (MOFs) have recently emerged as outstanding carriers for 
enzyme immobilization mainly because their mild synthesis reaction makes it possible to 
complete the enzyme immobilization process during MOFs synthesis step. More importantly, 
the structure of MOFs can be designed to show a hydrophobic property. However, the 
application of these materials for interfacial activation of lipase has not been reported. 
4. There are commercial immobilized lipases in the market employing acrylic resin as the 
carrier for lipase molecules (Novozyme 435), but the activity is lower compared to free 
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enzyme. Our designed low-cost materials can be extended in the commercial application to 
develop immobilized lipases with better performance. 
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